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Members of Bacillus and Clostridium species sporulate under adverse conditions
and the resultant spores can remain metabolically dormant and resistant for
years. However, when conditions are favorable, primarily when specific nutrients
become available, spores can resume vegetative growth via the process of
germination. The overall goal of the work outlined in this thesis is to achieve a
better understanding of the process of germination in bacterial spores, since
spores are a major concern in food spoilage and food borne diseases as well as
in bioterrorism due to Bacillus anthracis spores.
There are two types of germination: nutrient and non-nutrient germination.
Specific nutrient germinants that trigger germination are recognized by germinant
receptors (GRs), with different GRs having different nutrient germinant
specificities and this interaction somehow causes the release of Ca-DPA from
the spore core via SpoVA proteins. Spores can also be germinated by nonnutrient germinants by bypassing the GRs and causing spore cortex
peptidoglycan hydrolysis leading to DPA release. Interestingly, there is
tremendous heterogeneity in the germination of individual spores in populations,
and the reasons for this heterogeneity have been unclear. In this study, spores of
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Bacillus species that germinated extremely poorly with saturating levels of
nutrient and non-nutrient germinants, termed superdormant (SD) spores, were
isolated from spore populations and the causes for superdormancy of these
spores were determined. The results indicate that a low level of a specific GR or
GRs is a major cause of spore superdormancy using nutrient germinants, while
in case of non-nutrient germinants a spore coat defect seems to be the most
likely cause.
Another goal of this thesis was to identify a protein that is involved in the
coupling reaction between binding of nutrients germinants to the GRs and the
release of DPA from the spore core via SpoVA proteins. Hence a genetic screen
was performed to identify such genes encoding additional proteins essential for
spore germination with nutrient germinants but this work did not identify any new
protein. However, the fact that we identified a dominant negative mutation in
gerD suggests that perhaps GerD is the signal integrator that we were looking
for.
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CHAPTER 1
Introduction
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1.1 The life cycle of Bacillus subtilis
Bacillus subtilis is a gram-positive, rod shaped bacterium that is abundant in the soil. It
is an aerobe with a doubling time of about 20 minutes when grown in rich medium at
37°C. During adverse conditions i.e., when either a nitrogen or carbon source becomes
deficient, the growing cell or the vegetative cell initiates the process of sporulation. An
asymmetric division gives rise to a larger mother cell and a smaller forespore, which
eventually matures into a spore (1, 2). Following asymmetric septation, the polar
septum begins to curve and bend, resulting in its surrounding the forespore. This
process is referred as engulfment and it eventually gives rise to the inner and outer
membranes of the spore (3). The forespore becomes separated from the mother cell at
the last step of engulfment, which is immediately followed by spore cortex synthesis.
The spore thus formed is metabolically inactive or dormant, and is remarkably
resistant to a wide range of environmental agents such as heat, ultraviolet radiation,
desiccation and toxic chemicals (4-8). These dormant spores can survive for several
years or until nutrients are available in the environment (9-11). Upon the availability of
nutrients, dormant spores can revert back to vegetative cells through the process of
spore germination and then outgrowth. The life cycle of B. subtilis is outlined in Figure
1.1 A and B.
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Figure 1.1.A: The sporulation cycle of Bacillus subtilis (Adapted from Errington
Nat Rev Microbiology 2003 1:117-126).
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Figure 1.1.B: Life cycle of B. subtilis. Abbreviations: OSC, outer spore coat; ISC,
inner spore coat; OM, outer membrane; Cx, cortex; IM, inner membrane; and SPC,
spore core (Adapted from Zweers et al. Microbial Cell Factories 2008 7:10,
Erlendsson L S et al. J. Bacteriology 2004 186:6230-6238 and Eichenberger P et
al. Nat Rev Microbiology 2013 1:33-44).
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1.2 Morphology of the B. subtilis spore
As already mentioned, spores are resistant to a wide variety of environmental agents.
This characteristic of spores can be attributed to its chemical composition and a very
different structure than that of a growing cell, with a number of unique features and
constituents. Spores consist of several layers; starting from outside and proceeding
inwards there are the exosporium, spore coat, outer membrane, cortex, germ cell wall,
inner membrane and central core (Fig. 1.2). Details of each of these layers of the spore
are described below:

1.2.1 Exosporium
The exosporium is a large loose-fitting structure found on spores of some Bacillus
species, in particular Bacillus cereus and Bacillus anthracis (12, 13). It is made up of
proteins and some glycoproteins unique to spores of these Bacillus species(14-16),
and is absent in spores of B. subtilis or if present is greatly reduced in size. ! Although
the function of exosporium is not completely known, it may contribute to the
pathogenicity of those spores that have this structure.

1.2.2 Spore coat
The spore coat is a complex structure and plays an important role in spore resistance
to acids, alkalis, alcohols, aldehydes, oxidizing agents, exogenous lytic enzymes that
can degrade the spore cortex and to predation by protozoa. However, it has little role in
spore resistance to heat, radiation and some other chemicals such as DNA damaging
agents (7, 17, 18). The B. subtilis spore coat consists of more than 75 proteins most of
!

&!

which are spore-specific gene products (12, 19). Although the function of each
individual coat protein is not known, some of them help in spore coat assembly.

1.2.3 Outer membrane
The layer underneath the spore coat is the outer membrane whose function is not
clear, although it is essential for spore formation (2). The question of the integrity of the
outer membrane in the dormant spore is still not resolved, and this membrane may not
be a significant permeability barrier in the dormant spore. The outer membrane also
likely does not contribute to spore resistance to heat, radiation and chemicals (7).

1.2.4 Cortex
The cortex is composed of peptidoglycan (PG) in which (in B. subtilis spores) 50% of
the muramic acid residues are present as muramic acid-!-lactam and 23% as muramic
acid-alanine. These modifications of PG are spore-specific and are absent from the PG
of the germ cell wall or the vegetative cell wall. The cross-linking index of the cortex PG
is also very low at only 2.9% as compared to 29-33% in vegetative cell walls (20, 21).
The cortex is essential for maintaining the spore core in a relatively dehydrated state,
although the mechanism by which this is achieved is not known. This reduction in the
water content of the spore core is the major factor contributing to spores’ resistance to
heat (22, 23). During the process of spore germination the cortex is degraded, and this
is essential for spore core expansion and subsequent outgrowth (24) .
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Figure 1.2: Structure of the B. subtilis spore. An artistic representation of a spore
and the various layers are not drawn to scale. The GRs are located in the spore’s inner
membrane and sense nutrients and trigger spore germination. DPA is present in the
core and constitutes ~25% of the core dry weight and is released during spore
germination.

!
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1.2.5 Germ cell wall
The layer underneath the cortex is the germ cell wall, which is also composed of
peptidoglycan. The structure of peptidoglycan in germ cell wall is likely identical to that
of peptidoglycan in vegetative cell wall. The germ cell wall becomes the cell wall of the
outgrowing spore following spore germination (21).

1.2.6 Inner membrane
The inner membrane lying under the germ cell wall and surrounding the spore core is a
strong permeability barrier to many chemicals, mainly those that can cause damage to
the spore DNA (7, 25). In a dormant spore the inner membrane appears highly
compressed, as the volume encompassed by the inner membrane increases
approximately two fold during the first minutes of spore germination even in the
absence of any ATP production (26). The lipid composition of the spore inner
membrane is very similar to that of the membrane of the vegetative cell (27-30). The
major lipids present in the inner membrane are phosphatidylglycerol (PG),
phosphatidylethanolamine (PE), lysylphosphatidylglycerol (l-PG), cardiolipin (CL) and
glycolipids, mainly diglucosyl diacylglycerol (dGDG). However, altering the lipid
composition does not have any effect on sporulation but has modest effects on spore
germination and resistance (30). The lipid molecules in the inner membrane are largely
immobile, but they become mobile upon spore germination (26). Many important
germination proteins such as germinant receptors (GRs) that sense nutrients and
trigger spore germination, GerD, and SpoVA proteins are all located in the inner
membrane of the spore (31, 32).
!
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1.2.7 Core
The core is the final and the innermost of the spore layers. The core contains DNA,
ribosomes, tRNAs and most of the spore enzymes. In addition, the spore core also has
three types of molecules that are important for spore resistance (33).
The first is water. Water comprises 27-55% of the spore core wet weight
depending on the species, and in B. subtilis spores water comprises 35% of the core
wet weight (23). This low core water content contributes to the spore’s resistance to
wet heat and also spore’s enzymatic dormancy (23). As spore germination is
completed there is rapid uptake of water by the spore core and this is when
macromolecular motion and normal enzyme activity in the core are restored (24, 34).
The second core small molecule that plays an important role in spore resistance
is pyridine-2,6-dicarboxylic acid (dipicolinic acid, DPA). DPA comprises 5-15% of the
dry weight of the spore, and is chelated 1:1 with a divalent cation, mainly Ca2+ (23).
The accumulation of the huge depot of DPA in the spore core causes some of the
reduction in the water content of the spore during sporulation. DPA is excreted early in
spore germination most likely through the SpoVA protein channels located in the inner
membrane (35).
The third unique molecule of the core that plays an important role in spore
resistance is a group of !/"-type small, acid-soluble spore proteins (SASP) (4, 5).
These proteins are 60-75 amino acids long and are extremely abundant in spores,
comprising 3-6% of total spore protein. The !/"-type SASP are associated with spore
DNA, thus protecting it from ultraviolet radiation, heat and many toxic chemicals, and

!
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contributing to spore resistance (36-41). SASP degradation also supplies the spore
with amino acids early in germination.
Dormant spores lack ATP and other energy rich compounds such as NADH and
acetyl CoA. Instead, they contain low energy compound such as AMP, ADP, NAD and
CoA as well as significant levels of (0.1-0.3% of the spore dry weight) 3phosphoglyceric acid (3PGA), a compound that is catabolized to acetate with the
generation of NADH, acetyl CoA and ATP thus producing energy rapidly when spore
germination is completed (42).

!
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1.3 B. subtilis sporulation
When sufficient nutrients are available, B. subtilis continuously grows and divides to
form two daughter cells with a generation time of ~ 25 min at 40°C. However, upon
starvation or nutrient depletion the bacterium undergoes genetically programmed
developmental changes giving rise to endospores that are metabolically dormant and
highly resistant to environmental stresses (3, 4). Sporulation is divided into seven
stages based on morphological characteristics (Fig. 1.1 A) (43). Growing cells are in
stage 0 and nuclear division precedes the initiation of sporulation. This is immediately
followed by stage I, that is characterized by the presence of the two nucleoids in an
axial filament, generally viewed under the electron microscope. In stage II a septum is
placed asymmetrically at one end of the cell such that it gives rise to two unequal
compartments; a smaller forespore and a larger mother cell. The next stage is stage III
wherein the mother cell’s membrane grows around the forespore until the forespore is
engulfed, resulting in a forespore with two membranes of opposite polarity within the
mother cell. These two membranes will give rise to the outer and inner spore
membranes. During stage IV peptidoglycan is deposited between the inner and outer
spore membranes forming the cortex and certain biochemical markers such as SASP
are synthesized in the forespore and bind to spore DNA. The germ cell wall is also
formed under the cortex. Also during this stage the forespore becomes more acidic and
core dehydration begins. The stage IV to V transition is marked by deposition of a
series of proteinaceous coat layers outside the outer forespore membrane and
synthesis of many coat proteins. During stage VI, accumulation of the spore core’s
huge depot of DPA that constitutes ~25% of the core dry weight takes place following
!
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its synthesis in the mother cell compartment. Along with DPA uptake, there is also
uptake of divalent cations, mostly Ca2+ and some Mg2+ and Mn2+. During this stage, the
spore core becomes maximally dehydrated and spores become metabolically dormant.
In stage VII, the spore is released by lysis of the mother cell because of the action of
autolysins produced in the mother cell.
Sporulation is mainly under the control of sigma (#) factors that confer new
promoter specificities on RNA polymerase, causing activation of groups of previously
silent genes (44). There are five sporulation-specific sigma factors (#H, #E, #F, #G and
#K) that along with the major vegetative sigma factor (#A) and other positively and
negatively acting DNA binding proteins regulate transcription of genes during
sporulation. These sigma factors recognize conserved sequences of promoters
centered at -10 to -35 bp relative to transcription initiation sites. RNA polymerase
carrying the major vegetative sigma factor #A or minor sigma factor #H transcribes
genes expressed in vegetative growth. During the first 2 h after asymmetric septation,
transcription in the forespore is directed by #F followed by #G in the later stages of
development, while transcription in the mother cell is directed by #E and then #K.
Initiation of sporulation is regulated by #H, which mainly controls the synthesis of
Spo0A, which is the master regulator for entry into sporulation in B. subtilis. The
phosphorylated form of Spo0A (Spo0A~P) in conjunction with RNA polymerase will
activate the transcription of about 500 sporulation-specific genes during the early
stages of spore development. Spo0A~P will also repress the transcription of the labile
AbrB protein, a master regulator that suppresses transcription of many sporulationspecific genes during vegetative growth. The activity of #E controls the formation of the
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spore septum and synthesis of the cell division initiation protein FtsZ. #F directs
synthesis of some forespore-specific genes (44). #G is expressed only in the forespore
compartment and regulates the expression of many forespore-specific genes. Some of
these genes code for the SASP that are found in the spore core and are cleaved by
germination protease (GPR) during spore germination leading to generation of amino
acids that are used in protein synthesis. The SASP protect spores from damage by UV
radiation, heat and other agents (44). The expression of the genes and operons that
encode germination proteins, including the GR subunits and GerD, occurs in the
forespore in the later stages of development, and is primarily under the control of #G
(44). In B. subtilis, all three operons that code for the GRs have $10 and $35 promoter
sequences similar to those recognized by #G, but are very weak. The spacing between
the end of the ribosomal binding site (RBS) and the translation initiation codon for the
GRs in RNAs are not optimal, and the translation initiation codon for one of the GRs is
TTG rather than ATG. Together these factors contribute to low translational rates of the
mRNAs for the operons that code for the GRs (45), and the combination of this poor
translation and weak transcription promoters accounts for the low amounts of GR
subunits in B. subtilis spores (46). The gene for #K is transcribed in the mother cell
under the control of #E. Like #E, active #K is derived from an inactive precursor protein.
Processing of pro- #K to its mature form requires a secreted protein that is produced in
the forespore under the control of #G. #K activates a number of new genes in the
mother cell that leads to the final maturation and release of the spore, particularly those
genes encoding proteins that contribute to synthesis and assembly of spores’
protective layers of cortex and coat (Fig. 1.3).
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1.4 Spore germination
The process by which the spore reverts back to the growing vegetative cell in the
presence of nutrients is termed germination (24). Spore germination is an irreversible
process during which the spore core is fully hydrated, the cortex is hydrolyzed and the
spore loses its resistance properties. Spore germination may be induced by i)
incubation with nutrient germinants such as L-valine, L-alanine, a mixture of Lasparagine, D-glucose, D-fructose and potassium ions (AGFK) or rich media in B.
subtilis spores; ii) incubation with non-nutrient germinants such as Ca-DPA,
dodecylamine, a cationic surfactant, or muropeptide fragments of the cell wall released
by growing bacteria (47) and iii) by treatment with high pressures (48). The detailed
aspects of different types of spore germination are explained below. Spore germination
is followed by spore outgrowth during which the germinated spore converts into a
vegetative cell. Germination is generally very fast (~20 min for the majority of a spore
population) and requires no ATP production and no synthesis of macromolecules, and
metabolism of germinants is not required. Outgrowth on the other hand requires 1-3 h
and RNA and protein synthesis occurs, initially supported by the amino acids supplied
after the degradation of SASP that is initiated by the germination protease GPR that is
activated during spore germination.
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Figure 1.3: Bacillus subtilis sporulation: (A) Morphological asymmetry. Following
entry into sporulation, the cells form an asymmetric septum, which then proceeds to
curve out; it eventually becomes entirely distorted and surrounds the smaller cell. This
process of engulfment is completed by the loss of attachment between the forespore
and the mother cell. (B) Genetic asymmetry. These morphological changes are
accompanied by activation of specific transcription factors in each compartment.
Initially, #F is activated only in the forespore, followed by #E in the mother cell, #G in
the forespore, and finally #K in the mother cell (Adapted from Dworkin J et al. FEMS
Microbiol Rev 2012 36:131-148).
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1.4.1 Nutrient germination
In nature spores may germinate only in response to nutrient germinants that are
generally single amino acids (L-valine, L-alanine), sugars (D-glucose) or purine
nucleosides (inosine) and also combinations of nutrient germinants like AGFK.
Seconds after mixing spores with the germinants, many spores in populations commit
to germinate and germination continues even after removal of the germinant (49).
However the mechanism of commitment to germinate is not clear. The sequence of
events in the process of germination is as follows. 1) The nutrient germinants bind to
and somehow activate the GRs present in the inner spore membrane (discussed in
section 1.4.1.a). 2) H+, monovalent cations and Zn2+ from the spore core are released.
This results in an increase in core pH, which is essential for optimal spore core
metabolism when the spore core hydration levels are high enough for enzyme action.
3) The spore core’s large depot of DPA (Fig. 1.4) and its associated divalent cations,
predominantly Ca2+ are released. It appears likely that a channel composed of SpoVA
proteins is involved in the release of DPA in this step! (35). However, it is not known
how the activated GRs communicate with these SpoVA channels so that they respond
to the nutrient signal. Much evidence now indicates that during sporulation the products
of the spoVA operon are involved in the transport of DPA from the mother cell, the site
of DPA synthesis, into the forespore, and further these same proteins are also involved
in the export of DPA during germination!(35). Although the process of germination in B.
subtilis has been extensively studied, there are still many unknown aspects in this
area. Part of my thesis work aims to identify any unknown players involved in
conveying the nutrient signal downstream such that eventually DPA is released from
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the spore core. The fourth and final step in the process of nutrient germination is
hydrolysis of the spore’s peptidoglycan cortex (24) by cortex lytic enzymes (CLEs), and
water uptake by the spore core.!The CLEs are specific for cortex PG, because of their
requirement for the cortex specific modification muramic acid %-lactam for PG
recognition and cleavage (50, 51). The replacement of DPA by water results in
increased spore core hydration and reduction of spore’s resistance to wet heat.
However, the molecular apparatus involved in the entry of water into the core and exit
of DPA from the core is not completely known. The amount of spore core hydration
following Ca-DPA release is still not sufficient for the activity of enzymes in the core
and so there is no metabolic activity in the spore after Ca-DPA release alone (34, 52).
However, following cortex hydrolysis, the germ cell wall along with the inner membrane
expands around the swollen germinated core leading to full core hydration. This then
allows enzyme activity in the fully germinated spore core followed by macromolecular
synthesis and spore outgrowth (24). Spores at this stage of germination appear phasedark under the phase-contrast microscope.
The above-mentioned entire process of spore germination is categorized into
two stages. Stage I is comprised of the initial events (1-3) and Stage II is comprised of
the final events of spore germination (Fig. 1.5). These two stages can be separated
experimentally either by chemical treatments or by mutations (24).
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Figure 1.4: Structure of pyridine-2,6-dicarboxylic acid (dipicolinic acid [DPA])
(Adapted from Setlow P. J. Applied Microbiology 2006 101:514-525).
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Figure 1.5: Events in spore germination. The process of spore activation can
potentiate and thus synchronize the germination of spores of some species. A common
activation treatment is a sub-lethal heat shock, but the mechanism of spore activation
is not well understood, hence the question marks. Spore germination is divided into two
stages, as cortex hydrolysis is not required for stage I. SASP degradation denotes the
hydrolysis of the large depot of small, acid-soluble spore proteins (SASP) that make up
10–20% of the protein in the spore core. One type of SASP, the !/"-type, saturates
spore DNA and prevents many types of DNA damage. Whereas metabolism and SASP
degradation (which require enzyme action in the spore core) are shown as taking place
only after stage II is complete, these events may begin partway through stage II when
the core water content has risen sufficiently for enzyme action. Also shown in this
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figure is that the spore’s germ cell wall must expand significantly to complete stage II of
germination. This figure does not show the spore’s inner and outer membranes. The
events in stage I may take only seconds for an individual spore, although there may be
a lag of several minutes after addition of a germinant before these events begin, and
spore cortex degradation may take several minutes for an individual spore. However,
because of significant variation between individual spores, particularly in the times for
the initiations of the first events in stage I after addition of a germinant, these events
may take many minutes for a spore population (Adapted from Setlow P. Current
opinion in microbiology 2003 6:550-556).
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1.4.1.a Germinant Receptors
The GRs are located in the spore’s inner membrane, and only the nutrients that initiate
spore germination bind to the GRs (53). B. subtilis GRs are encoded by homologous
tricistronic gerA, gerB, gerK operons that are expressed in the forespore late in
sporulation (54). Each of these GRs contains A, B and C subunits, all of which are
required for the function of the individual GR. The GerA receptor responds to either Lalanine or L-valine, while the GerB and GerK receptors together are essential for
germination with a mixture of L-asparagine (or L-alanine), D-glucose, D-fructose and
K+ ions (AGFK) (24, 55). However, there are variants of the GerB GR, termed GerB*,
with single amino acid changes either in the GerBA or GerBB GR subunits that
eliminate GerB’s dependence on GerK such that GerB* alone can recognize Lasparagine without GerK (56). The GRs in Bacillus megaterium spores respond to Dglucose, L-proline, L-leucine, L-valine, or even salts, such as KBr (57). Glucose
appears to trigger germination of B. megaterium spores through either of two GRs,
GerU or GerVB, while L-proline triggers germination through only the GerVB receptor,
and KBr germination is greatly decreased by the loss of either GerU or GerVB (57). B.
cereus spores germinate in response to purine ribosides or L-amino acids, with inosine
and l-alanine being the most efficient germinants (58). The genomes of a number of
B. cereus strains have been sequenced and generally encode seven putative GRs, at
least four of which are involved in inosine and/or l-alanine germination (59, 60).
However, different GRs respond differently to inosine and l-alanine (58-62).
Recently it was found that all GRs of B. subtilis are colocalized in a small cluster in the
inner membrane (63), indicating that there may be some GR-GR interactions. There is
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also some evidence indicating that there are interactions between subunits of different
GRs (57, 64) and there is synergy between germination triggered by the GerA, GerB
and GerK GRs and also between the GerA and GerB* GRs when low concentrations of
multiple germinants are used that activate the synergizing GRs (65). Other studies
have shown that overexpression of any individual GR, for example GerA, increases the
rate of spore germination with the nutrient germinant recognized by the GerA GR and
decreases rates of germinations via other GRs (55, 66). These results suggest that
GRs may compete for some kind of signaling molecule downstream in the germination
pathway, which is present in limited concentrations, such that overexpression of one
GR interferes with the general accessibility of this unknown signaling molecule by other
GRs. Another reason for inhibition of germination via one GR by overexpression of
other types of GRs could be due to decreases in the levels of other GRs by the
overexpression of a particular GR, as decreased levels of a particular GR result in
decreased rates of spore germination via that particular GR (46, 67-69).
While much has been learned about spore germination in recent years, a
number of major questions remain unanswered, some of which are as follows. 1) As
noted above, binding of nutrient germinants to GRs causes the release of Ca-DPA
from the spore core. What does nutrient germinant-GR interaction do, and how are CaDPA channels in spores’ inner membrane gated? 2) It is clear that some GRs can
cooperate in triggering spore germination, with a major example being the requirement
for both the GerB and GerK GRs for AGFK germination. In addition, there is evidence
that even independent GRs can cooperate in triggering spore germination, as rates of
B. subtilis spore germination with low concentrations of both L-valine and AGFK are
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much faster than the sum of the rates of germination with L-valine or AGFK alone. How
is this cooperative action between GRs mediated, and is there some integrator protein
that mediates this cooperation? 3) How do exogenous nutrient germinants gain access
to the GRs in the spore’s inner membrane to initiate spore germination? Such
germinants, most of which are quite hydrophilic, must penetrate the thick spore coat,
the outer spore membrane, the peptidoglycan cortex and germ cell wall in order to
access the GRs. In spores of several Bacillus species, including B. subtilis, the GerP
proteins likely located in the spore coat facilitate germinant access to spores’ inner
layers. How do these proteins do this, and are there proteins in addition to GerP
proteins involved in germinant passage across spores’ outer layers (Fig. 1.6)?
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Figure 1.6: Unknown aspects of the spore germination process.
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1.4.1.b Other important players involved in nutrient germination
In addition to the above mentioned GRs; there are several other proteins that play
important roles in B. subtilis spore germination and these are described below:
1. GerD (70, 71) is a lipoprotein encoded by a monocistronic gene that is important for
germination via the GRs. However, GerD is not involved in spore germination by
Ca-DPA that bypasses the GRs (72, 73). GerD is located in the spore inner
membrane as are the GRs in the germinosome and is essential for germinosome
assembly. There are ~3500 molecules of GerD per spore (46, 74).
2. The seven SpoVA proteins also play an important role in the early stages of spore
germination. The spoVA operon encodes 7 polytopic membrane proteins: SpoVAA,
SpoVAB, SpoVAC, SpoVAD, SpoVAEa, SpoVAEb and SpoVAF, of which
SpoVAEa and SpoVAF are not important in sporulation (75, Perez-Valdespino A.
unpublished data). SpoVAD and SpoVAEa are hydrophilic while the others are
hydrophobic in nature. The SpoVA proteins are involved in both DPA entry during
spore formation and its release during nutrient-triggered spore germination (75) and
are located throughout the spore inner membrane (76). There are about ~6,500
molecules of SpoVAD protein per spore (77) .
3. GerF is a protein that is essential for addition of a diacylglycerol moiety to the C
subunit of the GRs and to GerD. Spores of strains lacking GerF germinate poorly
with nutrients that recognize GRs but germinate normally with non-nutrients that
bypass the GRs (78).
4. Gene expression in developing B. subtilis spores is under the control of two
important RNA polymerase sigma factors: !G and !F. The genes encoding the
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GRs, GerD and SpoVA proteins are under the control of transcription factor #G (79).
Genes that are controlled by #G and #F have similar but not identical promoter
sequences (80).
5. Another regulator of spore development in B. subtilis is the SpoVT protein, which is
a further modulator of gene expression in the forespore and regulates #Gdependent genes (81). spoVT mutant spores have alterations in germination with
nutrient germinants that recognize GRs but germinate normally with non-nutrients
that bypass the GRs (82).
6. PrpE is a protein phosphatase that has been suggested to somehow control GR
function, in particular GerA and GerK that respond to L-valine/ L-alanine and AGFK,
respectively (83). However, how PrpE regulates GR function is not known.
7. YlyA or DklA is a DNA dependent RNA polymerase binding protein that influences
the #G-dependent expression of germination genes including those encoding the
GRs and SpoVAD, in B. subtilis (84).
8. D proteins are newly identified small open reading frames within or immediately
adjacent to the GR operons of B. subtilis, B. megaterium and also other species!
(85) that either significantly increase or decrease nutrient spore germination but
have no effects on germination via non-nutrient germinants. The transcription of the
genes encoding these proteins is under the control of #G and the D genes are
expressed in the forespore during sporulation in parallel with the associated GR
operons (86).
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1.4.2 Non-nutrient germination
Spores can also be germinated by non-nutrients such as lysozyme, Ca-DPA, cationic
surfactants, high pressures and salts. Germination by these non-nutrients need not
follow the nutrient germination pathway.
i.

Lysozyme: Exogenous lysozyme can cause germination of spores only when
they are coatless, as lysozyme cannot penetrate through spore coats.
Exogenous lysozyme can degrade the cortex and this is sufficient for spore core
hydration and expansion, which will eventually lead to spore outgrowth.
However, lysozyme can also degrade the germ cell wall, which can result in
lysis of germinated spores. To avoid this, coat-defective spores need to be
maintained in a hypertonic medium during germination with exogenous
lysozyme (24).

ii.

Ca-DPA: Induction of spore germination by exogenous Ca-DPA was first
observed by Riemann and Ordall!(87). They showed that only the 1:1 chelate of
calcium and DPA induces spore germination and other ratios of Ca to DPA or
other metal ions could not work. Spores that lack all GRs germinate normally
with Ca-DPA (67). SleB and CwlJ are the cortex lytic enzymes in B. subtilis
spores and spores that lack SleB as well as DPA due to lack of DPA synthase
germinate normally with exogenous Ca-DPA, whereas spores that lack CwlJ do
not germinate with exogenous Ca-DPA (88). This and other data indicate that
germination by exogenous Ca-DPA is mediated by activation of CwlJ, perhaps
directly.
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iii.

Cationic surfactants: Induction of spore germination by cationic surfactants
such as dodecylamine was identified over 40 years ago (89). Triggering of spore
germination by dodecylamine probably occurs by directly activating the SpoVA
protein channel that allows the release of spores' large depot of Ca-DPA from
the spore core (35, 90).

iv.

High pressures: Spores of Bacillus species can also be germinated at very
high pressures (vHP) of 300-600 megaPascals (mPa) or moderate pressures
(mHP) of 100-300 MPa. mHP works by the activation of the GRs (91). However,
spores that lack GRs germinate normally with vHP, which indicates that these
high pressures likely open the spore’s Ca-DPA channels directly (92).

v.

Salts: B. megaterium spores germinate in the presence of salts such as KBr
that induces germinantion by activating a GR (57).

vi.

PG fragments: Muropeptides that are derived from breakdown of PG from
growing cells of B. subtilis or closely related species can induce spore
germination in B. subtilis. These muropeptides are recognized in spores by an
inner membrane associated eukaryotic-like protein kinase, PrkC, which
phosphorylates serine/threonine residues, and whose kinase activity is required
to trigger spore germination in response to muropeptides. However, the
mechanism by which PrkC action triggers spore germination is not currently
known (47).
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1.4.3 Heterogeneity in spore germination
Spores of a number of Bacillus species are major agents of food spoilage, food- borne
disease and some, like B. anthracis, are major bioterrorism agents. Since spores lose
their resistance properties upon germination, germinated spores can easily be killed.
Hence it would be advantageous to trigger germination of spores in foods or the
environment and then readily inactivate the much less resistant germinated spores.
However, this simple strategy has been largely nullified because germination of spore
populations is heterogeneous, with some spores, often called superdormant (SD)
spores, germinating extremely slowly and potentially coming back to life long after
treatments are applied to inactivate germinated spores (93). Hence SD spores are of
major concern not only for the food industry but also in making decisions as to how
long a person exposed to B. anthracis spores should be given antibiotics, since some
of these spores can be SD and potentially come back to life and cause disease long
after antibiotic use is discontinued (94).
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Table 1.1: Genes directly involved in germination of B. subtilis spores

Gene

Transcriptional
control

Function of gene
products

Localization of
gene products

cwlJ

!E

Cortex lysis

Spore coat/cortex
border

sleB

!G

Cortex lysis

Outer surface of
cortex and inner
spore membrane

gerA operon

!G

Alanine GR

Inner spore
membrane

gerB operon

!G

AGKF GR

Inner spore
membrane

gerK operon

!G

AGKF GR

Inner spore
membrane

gerD

!G

Nutrient
germination and
perhaps signal
integrator

Inner spore
membrane

gpr

!F and !G

Endoproteasehydrolyses SASP

Spore core

ylyA

!G

Expression of GRs

Spore core ?

gerF

!A

Addition of diacyl
glycerol moiety to
GRs and GerD

Spore core ?

SpoVA

!G

Uptake and
release of DPA

Inner spore
membrane

SpoVT

!G

Regulation of gene
expression in
developing spore

Spore core ?

? means no one has ever looked at the localization of these gene products, but since
they are soluble proteins they are perhaps present in the spore core
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1.5 Ways to study spore germination
A large number of methods have been developed to monitor spore germination. These
different methods measure somewhat different aspects of the overall process. Phasecontrast microscopy assesses the completion of germination, including cortex lysis and
full spore core swelling and flow cytometry using a nucleic acid stain also measures the
completion of spore germination. Loss of OD600 is routinely used to measure
germination, and this loss is due in part (~70%) to the decrease in the core’s refractive
index following release of Ca-DPA and its replacement by water, with the core swelling
and further water uptake that accompanies cortex hydrolysis causing the remainder of
the decrease in OD600 (24, 52). Since there can be significant loss in OD600 during
germination even if the cortex is not hydrolyzed (52), when this assay is used, it is
important to always estimate the degree of completion of spore germination by using
either phase-contrast microscopy or flow cytometry. Spore germination can also be
assayed continuously in a 96-well plate (Fisher Scientific) in a Gemini EM microplate
fluorescence reader (Molecular Devices, Sunnyvale, CA), by inclusion of TbCl3 in the
germination mixture with the spores and monitoring DPA release by real-time
measurement of fluorescence emission at 545 nm with excitation at 270 nm,
appropriate wavelengths to monitor the fluorescence of the fluorescent Tb3+-DPA
complex (49).
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1.6 Specific Aims

Specific aim 1.6.1: Isolation and characterization of superdormant spores
There is tremendous heterogeneity in the germination of individual spores in
populations, and the reasons for this heterogeneity have been unclear. In this study,
spores that germinated extremely poorly with saturating levels of nutrient germinants,
termed superdormant (SD) spores, were isolated from populations of B. subtilis, B.
megaterium and B. cereus spores. The properties of the dormant and SD spores were
then compared to determine the reason(s) for spore superdormancy in spores.

Specific Aim 1.6.1.1: Isolation of SD spores
a. Isolate SD spores from three different species of Bacillus using nutrient germinants:
L-valine and AGFK for B. subtilis spores, D-glucose, KBr and proline for B.megaterium
spores, and inosine and L-alanine for B. cereus spores.
b. Isolate SD spores from B. subtilis spores using non-nutrients Ca-DPA and
dodecylamine.

Specific Aim 1.6.1.2: Characterize SD spores and thus perhaps identify a cause for
superdormancy in spores
Elucidate the key properties of SD spores to identify a cause for superdormancy in
spores and by examining factors that determine the percentages of SD spores in spore
populations including average GR numbers/spore, heat activation and nutrient
germinants used, determine ways to effectively germinate isolated SD spores.
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Specific aim 1.6.2: Isolation and characterization of mutant spores unable to
germinate with known nutrient germinants
The second specific goal of this work was to identify and characterize proteins that act
between the binding of nutrients to GRs and the opening of DPA channels. Recent
data have shown that the sum of the rates of germination triggered by suboptimal
concentrations of either of two nutrient germinants that act on different GRs is much
lower than the rate of germination triggered by a combination of the same nutrients at
the same concentrations. Given this observation, one question we addressed in my
thesis project was how the signaling by different GRs was integrated to cause rapid
spore germination. We hypothesized that one or more unknown proteins were involved
downstream of the GRs to trigger spore germination. Therefore, our specific aim of this
project was to look for such a protein or proteins. The specific aims were:

Specific Aim 1.6.2.1: Isolate a mutant that affect nutrient germination with the goal of
isolating new players or novel mutations in known genes, that might provide new
insights into the nutrient germination pathway.
a. Localize the mutation described above to a specific gene by sequencing the wild
type and mutant genomic DNA.
b. Make a defined mutation in the new gene and determine its effect on spore
germination.
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Specific Aim 1.6.2.2: Does loss of the identified protein alter GR levels?
a. Determine levels of GRs in spores lacking the identified protein noted above.
b. Determine the location of GRs in spores with the mutation in the gene identified in
1.6.2.1.
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CHAPTER 2

Section1: Isolation and Characterization of
Superdormant spores isolated using nutrient
germinants
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2.1 Introduction
Spores of Bacillus and Clostridium species are formed under adverse conditions and
are metabolically dormant and resistant to a variety of environmental factors, including
heat and toxic chemicals (3, 4). These spores can remain dormant for long periods but
can return to life in the process of spore germination followed by outgrowth (24, 93).
Spore germination is generally triggered by the addition of specific nutrients called
germinants that are recognized by specific GRs located in the spore’s inner membrane.
In addition to having intrinsic interest, there is also applied interest in spore
germination, as spores of some Bacillus and Clostridium species cause food spoilage,
food-borne disease, and several other diseases. When spores germinate, they lose
their resistance and hence can be killed easily, for example, by a relatively mild heat
treatment. Consequently, the triggering of germination in some fashion could facilitate
spore inactivation. This might be particularly advantageous for the food industry, in that
a food could be rendered free of spores without significantly compromising the food’s
texture and taste, since germinated spores can be killed at relatively low temperatures.
Unfortunately, the simple strategy described above cannot generally be applied,
since the germination of populations of spores of both Bacillus and Clostridium species
is quite heterogeneous (48, 73, 95-99). Thus, while the great majority of a spore
population may germinate within 30 to 60 min after the addition of nutrient germinants,
others may not germinate for many hours or even days. These slow-germinating
spores are often referred to as SD spores. Dormant spores have a very high core wet
density because of a low amount of water in the core whereas germinated spores have
a lower core wet density since their DPA is replaced with water and cortex hydrolysis
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has allowed core swelling and further water uptake. These facts will be utilized to
isolate SD spores from spore populations using buoyant density centrifugation. The
properties of these purified SD spores will then be studied, and this information could
help us find some reasons for spore superdormancy.
This phenomenon of spore superdormancy appears to be a classic example of
“bet hedging” in bacteria, as it will protect a spore population against extinction
because of an entire population’s decision to germinate rapidly, if conditions then
rapidly change and become deleterious to the germinated spores and growing cells
(100). Clearly, a major question about spore superdormancy is what causes SD spores
to germinate so much slower than the great majority of the spore population. One
simple explanation is that SD spores have much lower GR levels than the majority of
individuals in spore populations. This simple hypothesis is consistent with a number of
observations, including (i) the relatively low average numbers of GRs per spore,
making GR levels in individual spores particularly subject to stochastic variations (24,
32, 46); (ii) the finding that GR numbers in individual spores in populations vary over a
rather wide range (63); (iii) the significant increases in rates of spore germination with
nutrients that target specific GRs when these GRs are overexpressed (66); (iv) the
essentially complete absence of nutrient germination in spores that lack GRs (67); and
(v) the lower rates of germination with various GRs when spores contain lower levels of
these GRs (74). Based on these observations, we hypothesized that SD spores have
low levels of specific GRs compared to levels in the initial dormant spore population.
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In this project, we isolated the SD spores from three different species of Bacillus: B.
subtilis, B. megaterium and B. cereus and determined their germination properties and
also perhaps the cause of superdormancy in spores of B. subtilis.
The works described in this chapter were adapted from Ghosh et al. J.
Bacteriology 2009 191(6):1787-1797, Ghosh et al. J. Bacteriology 2009 191(18):55845591, Ghosh et al. J. Bacteriology 2010 192(5):1455-1458, Ghosh et al. J. Applied
Microbiology 2010; 108(2):582-590 and Ghosh et al. J. Bacteriology 2012 194(9):22212227.

2.2 Materials and Methods
Bacillus strains used:
The B. subtilis strains used were isogenic derivatives of strain PS832, a laboratory
derivative of strain 168, and are (i) PS533 (wild-type) carrying plasmid pUB110
encoding resistance to kanamycin (101); (ii) FB22, in which the GerA receptor is
absent due to insertion of a spectinomycin (spc) resistance cassette in the gerA
operon(55, 56); the operon encoding the GerB receptor also carries a mutation in the
gerBA cistron such that the mutant GerB receptor, termed GerB*, responds to Lalanine or L-asparagine alone, and this response is stimulated by D-glucose; (iii) FB87
lacking both the GerB and GerK receptors and resistant to chloramphenicol and
macrolide antibiotics (67); (iv) FB10 carrying a mutation in the gerBB cistron such that
the GerB* receptor responds to L-alanine or L-asparagine alone, and this response is
stimulated by D-glucose (55, 56); (v) PS3415 containing the gerB* operon from strain
FB10 under the control of the very strong, forespore-specific sspB promoter, such that
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GerB* levels are elevated ~12-fold in spores (56, 66); (vi) PS3502 that is identical to
strain PS3415 but in which the gerB* operon is under the control of the strong sspD
promoter and GerB* levels in spores are elevated ~8-fold ,&'-!''-!'*.; (vii) PS3665 with
the gerBB* mutation from strain FB10 and lacking the GerA and GerK receptors (1);
and (viii) PS3710 with the gerBA* mutation from strain FB22 and lacking the GerA and
GerK receptors (55). The B. megaterium strain used in this work was B. megaterium
QM B1551 (ATCC 12872) (wild type). The B. cereus strain used in this work was B.
cereus T originally obtained from H.O. Halvorson (101).

Spore preparation:
Spores of B. subtilis strains were prepared at 37°C on 2x Schaeffer’s glucose (2X SG)
medium plates (102). However the B. megaterium and the B. cereus spores were
prepared by sporulation at 30°C in liquid supplemented nutrient broth (SNB) medium
and liquid defined sporulation medium (DSM) (58), respectively. Spores were
harvested by centrifugation (20 min, 12,000xg), purified, and stored at 4°C protected
from light (103). All spores used in this work were free (~98%) of growing or sporulating
cells, germinated spores and cell debris, as determined by observation in a phasecontrast microscope.

Spore germination:
B. subtilis, B. megaterium and B. cereus spores were germinated at an optical density
at 600 nm (OD600) of ~1 shortly after heat activation (at 75°C for 30 min, 60°C for 15
min or 65°C for 20 min, respectively) of spores at an OD600 of ~10 in water and cooling
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on ice for 15 min. These heat activation temperatures were optimal for the spores of
these species as shown in the Results. Unless otherwise noted, solutions used for
germination were as follows: (i) glucose (10 mM D-glucose–25 mM KPO4 buffer [pH
7.4]); (ii) alanine (10 mM L-alanine–25 mM Tris-HCl buffer [pH 7.4]); (iii) valine (10 mM
L-valine–25 mM Tris-HCl buffer [pH 7.4]); (iv) proline (5 mM L-proline–25 mM Tris-HCl
buffer [pH 7.4]); (v) KBr (50 mM KBr–25 mM KPO4 buffer [pH 7.4]); (vi) AGFK (12 mM
L-asparagine–13 mM D-glucose–13 mM D-fructose–12.5 mM KPO4 buffer [pH 7.4]);
(vii) asparagine-glucose (5 mM L-asparagine–10 mM D-glucose in 25 mM Tris-HCl
buffer [pH 8.4]); (viii) alanine-glucose (5 mM L-alanine–10 mM D-glucose in 25 mM
Tris-HCl buffer [pH 8.4]); (ix) asparagine (6 mM L-asparagine in 25 mM KPO4 buffer
[pH 7.4]); (x) inosine (5 mM inosine in 25 mM KPO4 buffer [pH7.4]); (xi) alanine (50
mM L-alanine–25 mM Tris-HCl buffer [pH 7.4]); (xii) dodecylamine (1.2 mM
dodecylamine– 25 mM KPO4 buffer [pH 7.4]); (xiii) Ca-DPA (60 mM Ca-DPA [pH 7.4]–
2.5 mM Tris-HCl buffer [pH 7.5]); and (xii) either LB medium (103) or 10x LB medium.
In some experiments several of these germination solutions were combined, and in
others, the concentrations of nutrient germinants, but not the buffers, were decreased
to give moderate concentrations as follows: valine, 300µM L-valine; AGFK, 3 mM Lasparagine–3.3 mM D-glucose–3.3 mM D-fructose– 3.1 mM KPO4 buffer (pH 7.4);
glucose, 200 µM D-glucose; asparagine-glucose, 300 µM L-asparagine–10 mM Dglucose; proline, 250µM L-proline; and inosine, 250 µM inosine. Germination of B.
subtilis was at 37°C, while for B. megaterium and B. cereus spores germination was at
30°C with all agents except Ca-DPA and dodecylamine. Germination with
dodecylamine was at 45°C for B. subtilis spores and 37°C for B. megaterium and B.
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cereus spores, and Ca-DPA germination was at 25°C. Germination with Ca-DPA and
dodecylamine did not require heat activation (67, 104).
Spore germination was routinely followed by monitoring the OD600 of spore
suspensions that falls by ~55% during complete spore germination due to changes in
the spore core’s refractive index upon Ca-DPA release, and the further water uptake
and the swelling of the core as germination is completed (24)/! The approximate
percentages of spores that had completed germination in these experiments were also
assessed by either phase-contrast microscopy or flow cytometry after staining with a
nucleic acid stain that stains the core of only spores that have fully germinated (105).
To assess Ca-DPA germination, ~100 spores were examined by phase-contrast
microscopy at the end of germination experiments or at each time point taken, since
the phase-bright dormant spores become phase dark upon spore germination. In
dodecylamine germination, DPA release was measured to assess spore germination
by monitoring the OD270 of the supernatant fluid from 1 ml of culture (104), with spores
at an initial OD600 of 1.5. Alternatively, dodecylamine germination was also done by
taking 200 µl aliquots at various times and centrifuging them in a microcentrifuge, the
supernatant fluid made 50 µM in TbCl3, and Tb-DPA fluorescence was measured as
described (49) . For germination of spores with nutrient germinants, either L-valine or
AGFK, spores were first heat-activated as described above. Spore germination with Lvaline or AGFK was performed at 37°C in 25 mM K-Hepes buffer (pH 7&4) and spores
at an OD600 of 0&5, and with either 10 mM L-valine or with a mixture of 10 mM Lasparagine-10 mM D-glucose-10 mM D-fructose. In some experiments, germination
with L-valine and AGFK was monitored by inclusion of 50 µM TbCl3 in the incubation,
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with samples' fluorescence monitored continuously in a multi-well fluorometer plate
reader as described (49). However, as Tb+3 can strongly inhibit the nutrient germination
of spores with coat defects (106), germination with L-valine and AGFK was also carried
out as described above, but without TbCl3 present continuously, but rather added at
various times after the start of germination. Aliquots of germinating cultures were
centrifuged in a microcentrifuge, TbCl3 was added to the supernatant fluid to 50 µM,
and Tb-DPA fluorescence was measured as described above.

Isolation of SD spores using nutrient germinants:
For isolation of SD spores, germination was routinely done with 0.2 to 8 liters of spores
at an OD600 of 1 as described above. After ~45 min (experiment with 10xLB medium;
when spore outgrowth began), ~2 h (most other experiments) or ~5 h (western blot and
high pressure analysis), the culture was harvested by centrifugation, and the pellet was
washed with 5 to 50 ml water, recentrifuged, and suspended in 200ul to 15ml of 20%
Nycodenz (Sigma, St. Louis, MO). Aliquots of the suspension (~100 µl) were layered
on a solution of 50% Nycodenz in 2 ml ultracentrifuge tubes, and the tubes were
centrifuged for 45 min at 13,000x g. Under these conditions, dormant spores pellet,
and germinated spores float (107, 108). The dormant spores were removed, washed
with water to remove Nycodenz, resuspended in water, the OD600 values determined,
and heat activated again since heat activation is reversible, and finally the activated
spores were germinated again as was done initially. The germinating culture was again
harvested, dormant spores were isolated by buoyant density centrifugation as
described above, and the final dormant spore pellet was washed several times with
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water, suspended in 1 ml of water, and stored at 4°C. Since heat activation is
reversible, subsequent nutrient germination of isolated SD spores was routinely
preceded by heat activation. Routinely, 1 g (dry weight) of initial dormant spores was
germinated for each SD preparation for western blot analysis and the prepared SD
spores were stored in -80°C.

Spore viability:
Spore viability was assessed by spotting appropriate dilutions of heat-shocked spore
suspensions at an OD600 of 1 on LB medium plates (103) with the appropriate
antibiotics and by incubating the plates at 30°C (B. megaterium) or 37°C (B. subtilis
and B. cereus) for 16 to 24 h and counting colonies. Initial dormant B. megaterium and
B. subtilis spore suspensions at an OD600 of 1 had 5 x 107 and 1.2 x 108 CFU/ml,
respectively.

Other methods:
While heat activation was routinely for the times and at the temperatures noted above,
in one experiment various heat activation temperatures were used, but again for 30
min (B. subtilis), 20 min (B. cereus), or 15 min (B. megaterium), and spores were
cooled on ice for at least 15 min prior to germination.
The wet-heat resistance of dormant and SD spores was determined by
incubating spores at an OD600 of 1 in water at 80°C (B. cereus and B. megaterium) or
93°C (B. subtilis). Samples were removed at various times and diluted in room
temperature water, aliquots of dilutions were spotted on LB medium plates plus the
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mixture of the alternate and original germinants, plates were incubated, and colonies
were counted as described above.
For determination of spore core water content, dormant and SD spores of
various species at an OD600 of 10 to 25 were first decoated by incubation in 1 ml of 0.1
M NaOH, 0.1 M NaCl, 1% SDS, and 0.1 M dithiothreitol for 2 h at 70°C (B. subtilis),
68°C (B. cereus), or 63°C (B. megaterium); washed 10 times with 1 ml water; and
suspended in 0.1 ml water (55). The core wet densities of these decoated spores were
determined in duplicate by buoyant density gradient centrifugation on Nycodenz
gradients, and spore core water contents were calculated with the formula y = 0.00254x +1.460, where y is the core wet density in g/ml and x is the percentage of
core wet weight as water (109). All gradients to measure spore core wet densities also
contained small amounts of B. subtilis CU1065 (110) spores that were labeled with the
dye Procion MX-5B (30) (Sigma Aldrich, St. Louis, MO) to serve as an internal
standard.

Determination of levels of GR subunits, GerD, and SpoVAD in dormant and SD spores:
It was shown previously that a number of different germination proteins, including GR
subunits, GerD, and SpoVAD, are located in the spore's inner membrane (24, 32, 74,
76). Consequently, levels of these proteins were determined by western blot analysis
of equal amounts of the IM protein from dormant and SD spores. The preparation of
rabbit antisera against the different GR subunits and the GerD and SpoVAD proteins
and the sources of secondary antisera were described previously (68, 76, 111).
Chemiluminescence due to the activity of horseradish peroxidase coupled to goat anti!
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rabbit IgG was used to detect the binding of the primary rabbit antisera to proteins on
western blot membranes, and X-ray film was used to detect chemiluminescence. In
most cases, the same blot was stripped and then reprobed with a different antiserum,
as described previously (68).
The isolation of the spore IM is a multistep process involving several
centrifugations and washings, as described previously (32, 68, 74, 76), and the
recoveries of the IM from different spore preparations can vary. Hence, a series of
serial 2-fold dilutions of IM fractions from dormant and SD spores were first run on
denaturing polyacrylamide gels (SDS-PAGE) and stained with Coomassie blue. A
subsequent visual examination of the stained gels allowed the determination of the
amounts of IM fractions that needed to be used to allow a comparison of equal
amounts of dormant and SD spore IM proteins in western blot analysis. In order to
precisely quantify differences in levels of germination proteins in dormant and SD
spores, the western blot intensities of bands given by serial 2-fold dilutions of the SD
spore IM protein were visually compared to the intensities of bands given by the same
amounts of the dormant spore IM protein on the same SDS-PAGE, with visual
estimates of SD spore protein levels that fell between the various dilutions of the
dormant spore protein. All western blot analyses of germination protein levels in spores
were performed in duplicate on IM fractions from two independent spore preparations,
with essentially identical results (<±15%), such that four different values for each
germination protein were obtained and averaged. Differences in GR subunit levels
between dormant and SD spores were analyzed for their significance by a two-tailed
Student t test. While levels of germination proteins were initially determined by a visual
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inspection of western blots as described above, the intensities of various bands were
also analyzed densitometrically using ImageJ, with essentially identical results.

High Pressure (HP) treatment and quantitation of spore germination:
Spores at an OD600 of 1 were germinated by vHP (500 mPa) or mHP (150 mPa) at
50°C and 37°C respectively in 50 mM Hepes buffer (pH 7.4). The spores were
aliquoted in individual plastic bags at an OD600 of 1 and heat-sealed. Pressure
treatment was then carried out in a PT-1 Research system pressure unit using water
as the hydrostatic medium. Pouches were removed after 0, 0.5, 1, 2, 3 and 5 min of
pressure treatment and the samples were frozen prior to analyses.
In order to measure the percentage germination of spores with HP, the treated
samples were first centrifuged at 13,000 rpm for 5 min and the pellets thus obtained
were suspended in ~20 ul water.

About 100 dormant and SD spores were then

examined by phase contrast microscopy to determine the percentages of spores that
had become phase dark and thus had germinated.

2.3 Results
Isolation of SD spores using nutrient germinants:
SD spores were isolated from B. subtilis, B. megaterium and B. cereus. Saturating
concentrations of L-valine and/or AGFK were used for germination of wild-type B.
subtilis strain PS533, D-glucose, KBr or proline for B. megaterium, and inosine or Lalanine for B. cereus, following heat activation to get high rates of spore germination.
The spores that remained dormant for 2 h or in some cases 5 h were subjected to a
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buoyant density centrifugation to separate them from the germinated spores. This
process of germination and buoyant centrifugation was repeated and the yields of the
SD spores thus obtained are summarized in Table 2.1.
SD spores were isolated similarly from B. subtilis spores that lacked various
GRs: i) FB87 spores that lack the GerB and GerK receptors; ii) FB22 spores that lack
the GerA receptor and contain the modified GerB* receptor, allowing these spores to
germinate with asparagine or alanine alone; iii) PS3665 spores that carry the gerBB*
mutation and lack the GerA and GerK receptors and iv) PS3710 spores that carry the
gerBA* mutation and lack the GerA and GerK receptors.
The nutrients used to isolate the SD spores from these strains were as follows:
L-valine was used for FB87 spores; a mixture of asparagine and glucose was used for
FB22 spores, as glucose stimulates spore germination with the GerB* receptor through
cooperative action with the GerK GR; and asparagine alone was used for both PS3665
and PS3710 spores (55, 56). The yields of SD spores obtained from these GRdeficient strains were significantly higher than those strains that retained the normal
complements of the GRs and the results are summarized in Table 2.1. The SD spores
germinated poorly with the nutrients used to isolate them as compared to the initial
spores, which germinated >90% as shown with B. subtilis, B. megaterium (Fig. 2.1)
and B. cereus spores (Fig. 2.2).
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Germination of SD spores with nutrient germinants not used in their isolation:
As expected all of the SD spores showed little or no germination with the nutrients
used to isolate them (Fig. 2.1 and Fig. 2.2) but we wanted to check whether these SD
spores would germinate with other nutrient germinants that trigger germination either
through the same GR or other GRs (Table 2.2). We found that the B. subtilis PS533
SD spores isolated by germination with L-valine not only germinated poorly with Lalanine that triggers germination via the same GerA receptor as L-valine but also
germinated poorly with AGFK that triggers the GerB and GerK receptors as shown in
Figure 2.1 A. Similarly PS533 SD spores isolated using AGFK germinated poorly with
both L-valine and L-alanine (Fig. 2.1 B). In addition, the SD spores isolated using either
L-valine or AGFK germinated poorly with LB medium that triggers germination through
all the three GRs (Fig. 2.3 A). The SD spores isolated from FB22 strain using
asparagine-glucose also germinated poorly with both alanine-glucose and LB (Fig. 2.1
E and Fig. 2.3 A). Similarly, B. megaterium SD spores isolated using saturating
concentrations of either D-glucose, proline, KBr, L-valine or LB medium germinated
poorly not only with the nutrients used to isolate them but also other nutrient
germinants that trigger germination via the same or different GR (Fig. 2.1 C and Fig.
2.3 B; also data not shown). B. cereus SD spores isolated using saturating
concentrations of either inosine or L-alanine showed similar germination results (Fig
2.4 a, b, d).
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Figure 2.1: Germination of initial dormant spores of various species and strains,
as well as SD spores, isolated using high levels of nutrients that target one or
two GRs. SD spores of B. subtilis strain PS533 (wild type) (A and B), B. megaterium
(C), and B. subtilis strains FB87 ('gerB 'gerK) and FB22 ('gerA gerBA*) (D and E,
respectively) were isolated by germination with valine (A and D), AGFK (B), glucose
(C), or asparagine-glucose (E), as described in Materials and Methods. These spores
as well as starting dormant spores were then germinated, spore germination was
monitored by following the OD600 of the culture, and the extent of spore germination at
the end of the experiment was determined as described in Materials and Methods.
Closed symbols indicate the initial spores used; open symbols represent the isolated
SD spores. (A) Circles, germination with alanine; triangles, germination with valine; and
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squares, germination with AGFK. (B) Circles, germination with AGFK; triangles,
germination with valine; and squares, germination with alanine. (C) Circles,
germination with glucose; triangles, germination with KBr; and squares, germination
with proline. (D) Circles, germination with valine. (E) Circles, germination with
asparagine-glucose; triangles, germination with alanine-glucose. The appropriate
percentages of germinated spores in the various germinations were as follows. (A)
Open symbols, <5%; !, 90%; ! and !, 80%. (B) Open symbols, <10%; closed
symbols, 80 to 90%. (C) Open symbols, 10%; closed symbols, >90%. (D) ", 10%; !,
80%. (E) " and ", <5%; ! and! !, 85% (Adapted from Ghosh et al. J.
Bacteriology 2009 191(6):1787-1797).
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Figure 2.2: Germination of B. cereus spores in the sequential isolation of SD
spores using various germinants. B. cereus spores were germinated with high
inosine (5 mM), a) with or b) without heat activation c) low inosine (250 uM), with heat
activation and d) high alanine (50 mM) with heat activation and the isolated SD spores
were germinated after the first (!) and second (") isolation cycle, and their yields
determined relative to the initial dormant spores as described in Methods. Open
symbol (") indicates the germination of initial dormant spores (a-d). The yields of the
SD spores after the first isolation (a, b, c) cycle or the first two (d) isolation cycles were
(a) 5&7%, (b) 40%, (c) 30% and (d) 58% (first isolation) and 19% (second isolation)
(Adapted from Ghosh et al. J. Applied Microbiology 2010 108(2):582-590).
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Table 2.1: Yields of SD spores with different nutrient germinantsa

•

a

SD spores of various strains were isolated using various nutrients, and the

yields of SD spores were determined after two rounds of isolation, as described
in Materials and Methods.
!

&#!

•

b

L-valine was used in these isolations instead of L-alanine to avoid problems

due to inhibition of germination because of generation of inhibitory D-alanine by
alanine racemase (112) .
•

c

These values were determined in triplicate with less than 20% variation in the

values obtained.
•

d

Isolation of these SD spores began with 100 ml of germinating spores at an

OD600 of 1.
•

e

Normal and moderate nutrient germinant levels are given in Materials and

Methods.
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Figure 2.3: Germination of SD and initial dormant spores with LB medium. Spores
of B. subtilis strains PS533 (wild type; ", !, and ") and FB22 ('gerA gerBA*)
(squares) (A) and B. megaterium spores (wild type; circles) (B), either initial dormant
(! and !) or SD (",", and #) spores, isolated by germination with valine (PS533;
"), AGFK ("), asparagine-glucose (FB22; #), or glucose (B. megaterium; ") were
germinated with LB medium, and the OD600 of the culture was measured to follow
spore germination. The extents of germination at the end of the incubations were as
follows. (A) ", 25%; ", 50%; #, 15%; !, 95%; !, 90%. (B) ", 25%; !, 95%. The
rise in OD600 toward the end of the germinations in panel A is due to the spore
outgrowth that takes place in this complete medium (Adapted from Ghosh et al. J.
Bacteriology 2009 191(6):1787-1797).
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Figure 2.4: Germination of dormant and SD B. cereus spores with various
germinants. Dormant spores (a) and SD B. cereus spores isolated by germination
following heat activation with: (b) high inosine (5 mM) (two germination treatments), (c)
low inosine (250 uM) (two germination treatments) and (d) high L-alanine (50mM)
(three germination treatments). The dormant or SD spores were germinated after prior
heat activation with: ", high inosine, #, low inosine, ", high L-alanine, !, L-alanine
plus inosine, or !, 10( LB medium and the OD600 of the germinating spore
suspensions was determined as described. The extents of dormant or SD spore
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germination after 2 h as determined using phase‐contrast microscopy were in (a) ",
95%; #, 50%; !, 95%; ", 35%; and, !, 95%; in (b) ", 7%; !, 95%; ", 10%; and, !,
95%; in (iii) ", 90%; #, 5%; !, 95%; ", 20%; and, !, 95%; and in (iv) ), 20%; !,
95%; !, 5%; and, !, 90% (Adapted from Ghosh et al. J. Applied Microbiology
2010 108(2):582-590).
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Table 2.2: Germination of dormant and SD spores isolated using different
nutrient germinantsa

Spore germination in 2h (%)
Germinant

Superdormant, with nutrient used for SD spore isolation

Dormant

L-valine
AGFK
L-asparagine

•

a

L-valineb

AGFKb

L-asparaginec

95

3

25

18

93

22

7

NT

95

NT

NT

5

Dormant and SD PS533 (wild-type) and FB10 (gerBB*) spores were isolated as

described in Materials and Methods, with SD spores being prepared by
germination for 5 h with L-valine or AGFK (PS533 spores) or L-asparagine
(FB10 spores). The dormant and SD spores were germinated with L-valine,
AGFK, or L-asparagine, and the percentage of spores that germinated in 2 h
was determined by phase-contrast microscopy as described in Materials and
Methods. NT, not tested.
•
•

!

b
c

PS533 spores.

FB10 spores.
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DPA content of SD spores:
Since the SD spores from all three Bacillus species germinated poorly with the nutrient
germinants, perhaps they had severe damage to one of the essential components of
the germination apparatus. As release of DPA marks the initiation of spore
germination, we decided to measure the DPA content of the SD spores. The DPA
content of both dormant and SD spores were found to be same in all three Bacillus
species (Fig. 2.5 C, D, and data not shown).

Germination of SD Bacillus spores with non-nutrient germinants:
As mentioned earlier there are several non-nutrient germinants such as Ca-DPA and
dodecylamine that bypass the GRs. So we thought it was important to check whether
the SD spores isolated using the various nutrient germinants germinate with these nonnutrients. Notably, that there was no difference in Ca-DPA and dodecylamine
germination rates of SD spores isolated using the different nutrients and the initial
dormant spores for all three Bacillus species (Fig. 2.5 and Fig. 2.6).
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Figure 2.5: Germination of SD and initial dormant spores with Ca-DPA (A and B)
or dodecylamine (C and D). Spores of B. subtilis strains PS533 (wild type) and FB22
('gerA gerBA*) (A and C) or B. megaterium (B and D) were germinated with either CaDPA or dodecylamine, and germination was followed as described in Materials and
Methods. The SD PS533, FB22, and B. megaterium spores were isolated by
germination with valine, asparagine-glucose, or glucose, respectively. (A and C) " and
!, PS533 spores; " and !, FB22 spores. (B and D) " and !, B. megaterium spores.
In all panels, " and " indicate SD spores, and ! and ! represent initial dormant
spores. It was notable in the experiments using dodecylamine as a germinant that both
initial dormant and SD spores had essentially identical (within 15%) DPA
levels as determined by the amount of OD270-absorbing material released from spores
(data not shown) (Adapted from Ghosh et al. J. Bacteriology 2009 191(6):17871797).
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Figure 2.6: (a,b) Germination of dormant and SD B. cereus spores with Ca-DPA
and dodecylamine. Dormant and SD B. cereus spores isolated with heat activation
and using high inosine (5 mM), were germinated without heat activation in either (i) CaDPA or (ii) dodecylamine, and spore germination was measured as described. The
symbols used are ", dormant spores and !, SD spores (Adapted from Ghosh et al.
J. Applied Microbiology 2010 108(2):582-590).
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Viability of SD spores:
Since SD spores germinated poorly with the nutrient germinants used to isolate them
or with other nutrient germinants, we wanted to determine if there is any difference in
the viability of SD and dormant spores. Consequently, we compared the viabilities of B.
subtilis wild-type PS533, FB22 and B. megaterium dormant and SD spores isolated
using high L-valine, asparagine-glucose and glucose concentration, respectively and
the results are summarized in Table 2.3 The viability of SD spores indeed appeared to
be lower than the initial dormant spores. Since the SD spores isolated using the
different nutrient germinants germinated in a similar manner to that of dormant spores
with Ca-DPA as a germinant, we checked the viability of the same SD spores after
germination with Ca-DPA. In this case viabilities of the SD spores were similar to that
of the initial dormant spores, suggesting that the cause of superdormancy was not due
to any damage to spore viability, but simply that the SD spores germination on LB
plates was not 100%.
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Table 2.3: Apparent viability of SD spores prepared with different nutrient
germinantsb

•

a

Apparent viability is expressed relative to that of initial wild-type spores without

Ca-DPA treatment. The percentage viability of initial wild-type spores is 100% in
all cases.
•

b

SD spores were isolated using normal high nutrient germinant levels, as

described in Materials and Methods, and apparent spore viability was assessed
on LB plates relative to the OD600 values of spore suspensions, as described in
Materials and Methods.
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Is superdormancy in spores due to a genetic change?
As shown above, there was no difference in the viability and the germination of SD
spores with Ca-DPA, suggesting that there was no damage in at least some parts of
the germination apparatus of these spores. In order to test if superdormancy is due to a
genetic defect, we germinated wild-type B. subtilis spores with L-valine and B.
megaterium spores with glucose and isolated the SD spores as described in Methods.
Next we germinated the SD spores with the non-nutrient Ca-DPA for 2 h and then
prepared serial dilutions of these spores. We used 10-3 and 10-4 dilutions to spread on
LB plates and incubated the plates at 37°C overnight. Following this incubation 10
individual colonies were regrown in LB medium and sporulated in 2X SG medium
plates for 3 days at 37°C. The spores were then harvested and their germination was
compared to that of the initial dormant spores. No difference in germination was found
between the spores in these 10 preparations (data not shown) and the starting dormant
spores indicating that a genetic change is not the cause of superdormancy.

Germination of SD spores with mixtures of nutrient germinants:
Since we found that the SD spores had not accumulated any genetic change, it
suggested that these SD spores might be simply unable to respond properly to signals
generated by stimulation of one or two GRs. Consequently, we hypothesized that these
SD spores would perhaps respond better to a mixtures of nutrient germinants that can
trigger spore germination through all the GRs. Indeed, SD B. subtilis PS533 spores
isolated by germination with L-valine or AGFK germinated rapidly and almost
completely with mixtures of L-valine and AGFK or L-alanine and AGFK (Fig. 2.7 A).
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These SD spores also germinated moderately well with LB medium as noted above
(Fig. 2.3 A) and even better with 10X LB medium (Fig. 2.8; also data not shown).
Similarly, SD B. megaterium spores isolated by germination with D-glucose germinated
rapidly with 10X LB medium (Fig. 2.8) although somewhat slowly with a mixture of
glucose, proline, and KBr (Fig. 2.7 B). Similarly, SD B. cereus spores that were isolated
using inosine or L-alanine showed similar rates of germination as the initial dormant
spores with mixtures of nutrients and 10X LB medium (Fig. 2.4).
Given the results above, we hypothesized that the yields of the SD spores would
be lower if we isolated SD spores using mixtures of nutrients and our hypothesis was
supported by the data shown in Table 2.1. However, the SD spores isolated using
nutrient germinant mixtures or LB or 10X LB medium still germinated poorly with the
nutrients used to isolate them, similar to the SD spores that were isolated using a
single nutrient germinant (Fig. 2.9 A and B).
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Figure 2.7: Germination of initial dormant and SD spores with nutrient germinant
mixtures. SD Spores of B. subtilis PS533 (wild type) (A) or B. megaterium (wild type)
(B) were isolated by germination with valine (B. subtilis) or glucose (B. megaterium).
The initial (! and !) and SD (" and ") spores were then germinated with valine plus
AGFK (panel A, " and !) or alanine plus AGFK (panel A, " and !) and glucose,
KBr, and proline (B), and spore germination was followed by monitoring the OD600 of
the culture. The extents of spore germination were 80% (" and !) and 90% (" and
!) (A) and 20% (") and 95% (!) (B) (Adapted from Ghosh et al. J. Bacteriology
2009 191(6):1787-1797).
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Figure 2.8: Germination of initial dormant and SD spores with 10" LB medium. B.
subtilis PS533 (wild type; " and !) and B. megaterium (wild type; " and !) spores,
either initial spore preparations (! and !) or SD spores isolated by germination with Lvaline (") or D-glucose ("), were germinated with 10( LB medium; spore germination
was followed by measuring the OD600, and the extent of germination was measured, as
described in Materials and Methods. The extents of spore germination at the end of
incubations were 60% ("), 75% (!), and 90% (" and !). The increase in OD600 in
the B. subtilis cultures is due to spore outgrowth in this complete medium (Adapted
from Ghosh et al. J. Bacteriology 2009 191(6):1787-1797).
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Figure 2.9: Germination of initial dormant and SD spores isolated by germination
with nutrient germinant mixtures. Spores of B. subtilis PS533 (wild type) (A) or B.
megaterium either initial (! and !) or SD (" and ") spores (B) isolated by
germination with 10( LB medium (") or AGFK plus valine (") were germinated with
10( LB medium (" and !) or AGFK plus valine (" and !). The progress of spore
germination was assessed by monitoring the OD600 of cultures and the extent of
germination was determined as described in Materials and Methods. The extents of
spore germination in the various cultures were <5% (" and ") and 95% (! and !)
(A) and <5% (") and 95% (!) (B). The increase in OD600 in the initial B. subtilis spores
germinating in 10( LB medium is due to the outgrowth in this complete medium
(Adapted from Ghosh et al. J. Bacteriology 2009 191(6):1787-1797).
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Isolation and characterization of SD spores remaining after germination with moderate
levels of nutrient germinant:
Earlier we found that the yields of SD spores were lower when nutrient germinant
mixtures were used for their isolation instead of single nutrient germinants. So we
hypothesized that the yields of SD spores would be higher when subsaturating
concentrations of nutrient germinants would be used instead of saturating
concentrations of nutrient germinants. To test the hypothesis we used subsaturating
concentrations of nutrient germinants for SD spore isolation: 300 uM L-valine or 3.3
mM AGFK, 300 uM L-asparagine-10 mM D-glucose, 200 uM D-glucose and 250uM
inosine for isolation of SD spores of B. subtilis wild-type, B. subtilis mutant FB22, and
B. megaterium and B. cereus spores, respectively, and the yields are summarized in
Table 2.1. As is true for other SD spores, these SD spores also germinated poorly with
the concentrations of nutrient germinants used to isolate them but better with higher
nutrient germinant concentrations as shown in Table 2.4. B. subtilis and B. megaterium
spores isolated using moderate amounts of one nutrient germinant also germinated
poorly with moderate amounts of other nutrient germinants but germinated at the same
rate as the starting spores with higher nutrient germinant concentrations as shown in
Table 2.5.
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Table 2.4: Germination of initial dormant and SD spores prepared with moderate
nutrient germinant concentrationsa

Spores used

a

SD spore preparation
concentrations

Germination in

B. subtilis wt

300 uM L-val

B. subtilis wt

Spore germination
(%/2 h)
SD

Initial

300 uM L-val

5

50

300 uM L-val

5 mM L-val

75

90

B. subtilis wt

1/4 AGFK

1/4 AGFK

<5

60

B. subtilis wt

1/4 AGFK

AGFK

80

90

B. subtilis gerA
gerBA*

200 uM L-asn

200 uM L-asn

5

60

B. subtilis gerA
gerBA*

200 uM L-asn

5 mM L-asn

70

90

B. megaterium

200 uM D-glucose

200 uM
D-glucose

<5

70

B. megaterium

200 uM D-glucose

10 mM
D-glucose

80

90

SD spores of B. subtilis wild-type (PS533) and gerA gerBA* (FB22) strains and B.

megaterium were prepared with moderate nutrient germinant concentrations, initial
dormant and SD spores were germinated with either the moderate nutrient germinant
concentration or the high normal nutrient germinant concentration, and extents of spore
germination after 2 h of incubation were determined, as described in Materials and
Methods. Note that 10 mM D-glucose was present in all germinations with Lasparagine. wt, wild type; L-val, L-valine; L-asn, L-asparagine.
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Table 2.5: Germination of initial dormant and SD spores prepared with moderate
nutrient germinant concentrations by nutrient germinants targeting different
GRsa

a

SD spores of B. subtilis wild-type (PS533) and B. megaterium were prepared with

moderate nutrient germinant concentrations, initial and SD spores were germinated
with either a moderate or the normal high nutrient germinant concentration targeting a
different GR(s) than that targeted in SD spore isolation, and extents of spore
germination after 2 h of incubation were determined, as described in Materials and
Methods. wt, wild type; L-val, L-valine; L-pro, L-proline.
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Effect of GR levels on yields of SD spores:
Since the yields of the SD spores decreased with increased nutrient germinant
concentration used for their isolation, we hypothesized that levels of GRs would also
alter yields of SD spores. To test this hypothesis we used three isogenic B. subtilis
strains, FB10 (spores have wild-type levels of GerB*), PS3502 (spores have an ~8 fold
higher level of GerB*) and PS3415 (spores have an ~12 fold higher level of GerB*)
(69). We found that with increased levels of GRs, yields of SD spores decreased
markedly as shown in Table 2.6.

Effect of heat activation on yields of SD spores:
Generally a sublethal heat treatment of spores prior to nutrient germination has been
shown to increase rates and extents of spore germination ,""$.. Hence we
hypothesized that heat activation would almost certainly decrease yields of SD spores.
The optimal heat activation temperatures and times were found to be 75°C for 30 min
for B. subtilis spores (Fig. 2.10 A) and 60°C for 15 min for B. megaterium spores (Fig.
2.10 B) and B. cereus spores (data not shown). Table 2.7 summarizes the results
showing that heat activated spores of B. subtilis, B. megaterium and B. cereus (Table
2.8) gave lower yields of SD spores compared to the non-heat activated spores.
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Table 2.6: Effect of GR levels on yields of SD sporesa

•

a

Spores of various strains were germinated with asparagine, SD spores were

isolated and their yields were determined, as described in Materials and
Methods.
•

b

Values for relative levels of GerB* in spores of these strains are from the

literature (69)
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Figure 2.10: Effect of heat activation at various temperatures on germination of
B. subtilis (A) and B. megaterium (B) spores. Spores of B. subtilis PS533 (wildtype) and B. megaterium were either not heat activated (") or heat activated for 30 min
at 60°C (!), 70°C ("), 75°C (!), or 80°C (#) and germinated with L-valine (B.
subtilis) or for 15 min at 60°C (!), 65°C ("), or 70°C (!) and germinated with Dglucose (B. megaterium). Germination was followed, and the extents of germination
were determined, as described in Materials and Methods. The percentages of
germinated spores at the end of the various germinations were (A) 40% ("), 50% (!),
70% ("), 85% (!), and 60% (#) and (B) 60% ("), 95% (!), 85% ("), and 65% (!)
(Adapted from Ghosh et al. J. Bacteriology 2009 191(6):1787-1797).
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Figure 2.11: (a, b) Germination of dormant and SD B. cereus spores prepared
without heat activation. (i) Dormant and (ii) SD B. cereus spores made without heat
activation and using high inosine (5 mM) were germinated without heat activation with:
", high inosine; ", high L-alanine (50 mM); !, L-alanine plus inosine (50 mM Lalanine plus 5 mM inosine); and !, 10( LB medium; and #, with heat activation with
high inosine, 5 mM inosine. Spore germination was assessed by the OD600 of cultures.
The extents of dormant or SD spore germination after 2 h as determined using phasecontrast microscopy were in (a) ", 60%; !, 95%; ", 30%; !, 95%; and #, 95%, and
in (b) ", 5%; !, 95%; ", 7%; !, 90%; and #, 85% (Adapted from Ghosh et al. J.
Applied Microbiology 2010 108(2):582-590).
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Table 2.7: Effect of heat activation on yields of SD sporesa

Yield of superdormant
spores (%) with:
Bacillus sp. strain used

a

Germinant
used

No Heat
activation

Heat
activation

B. megaterium wild-type

D-glucose

36

5

B. megaterium wild-type

L-Proline

47

5.5

B. subtilis wild-type

AGFK

40

13

B. subtilis wild-type

L-Valine

18

4

Spores of various species with or without optimal heat activation were germinated with

various agents, SD spores were isolated, and their yields were determined, as
described in Materials and Methods.
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Table 2.8: Yields of SD Bacillus cereus spores made with various nutrient
germinants with or without heat activation*

*Bacillus cereus SD spores were isolated using various nutrient germinants with or
without heat activation and yields relative to the starting spores used were determined
as described in Methods.
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Heat activation temperature requirement for germination of dormant and SD spores:
Since SD spores isolated using the optimum heat activation temperature for dormant
spores did not germinate well with nutrient germinants (Fig. 2.12), we hypothesized
that the SD spores might require higher temperatures for heat activation. In order to
test this hypothesis we germinated spores of all three Bacillus species, and with and
without heat activation at various temperatures (Fig. 2.12 A-C). We obtained around
20-55% germination with non-heat activated spores that might be the result of slow
spore activation during sporulation, since the activation step is dependent on both
temperature and time. So for our experiments we used spores within a few weeks of
preparation since dormant spores activate slowly over time even while stored at 4°C.
There was a significant effect of heat activation on the extent of spore
germination of both dormant and SD spores as shown by the fall in OD600 of spores.
Figure 2.12 shows the effects of heat activation on dormant and SD spores after
correcting for the percentage of spores that actually germinated. The optimum
activation temperatures for each species of Bacillus SD spores were identified and the
extent of germination went down significantly with changes in this optimum
temperature in either direction (Fig. 2.12 and Fig. 2.13).
It was observed that the SD spores of all three Bacillus species did not
germinate with the nutrients used for their isolation if they were either not heat
activated or heat activated at the same optimum temperature as the initial dormant
spores. However, these SD spores all exhibited 8-15°C higher heat activation
temperatures than those of their initial dormant spores (Fig. 2.13 and Table 2.9).
However, even with the higher heat activation temperature, the SD spores germinated
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only 60 to 70% as compared to the dormant spores, which germinated 90 to 95%
under similar conditions (Fig. 2.12, Fig. 2.13 and Table 2.9).

Effect of alternate nutrient germinants and nutrient germinant mixtures on the heat
activation requirements of dormant and SD spores:
So far we have found that SD spores isolated using one nutrient germinant also
germinate poorly with nutrient germinants that trigger germination via other GRs.
Hence we thought of exploring the heat activation temperature requirement for
germination with these alternate nutrient germinants. We found that dormant spores
had same optimum heat activation temperature for all the nutrient germinants that
trigger the different GRs in all three species of Bacillus. However, as found with
nutrient germinants used for SD spores isolation, SD spores also had significantly
higher optimal heat activation temperatures compared to the dormant spores for
germination with alternate nutrient germinants (Fig. 2.13 and Table 2.9). The extent of
germination of the SD spores following germination using higher optimal temperatures
was still lower than that of the initial dormant spores.
Previously it was shown that mixtures of nutrient germinants increase the extent
of germination of SD spores as compared to single nutrient germinants. In addition, the
viability of SD spores was found to be 10 to 100 fold lower than that of the initial
dormant spores on LB medium plates, consistent with the previous findings that SD
spores germinate poorly in LB medium if they were isolated using LB as a nutrient
germinant. Interestingly when the LB plates were supplemented with mixtures of
nutrient germinants, there was no difference in the viability of dormant and SD spores
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observed even without heat activation (Table 2.10). This observation suggested that
the requirement for heat activation is almost lost in both dormant and SD spores if we
germinate them with a mixture of nutrient germinants instead of a single nutrient
germinant. Also we found a much higher level of germination with the nutrient
germinant mixture over a wider range of heat activation temperatures as compared to
germination with a single nutrient germinant in both dormant and SD spores. However
for SD spores, the level of germination was still lower than that of dormant spores, and
the optimum temperature for heat activation of SD spores using nutrient germinant
mixtures was found to be ~5°C lower than that of single nutrient germinants (Fig 2.12
and Table 2.9).
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Figure 2.12: Germination of dormant and SD spores of Bacillus species following
heat activation at different temperatures. Spores of Bacillus species were obtained,
and SD spores were isolated following germination with inosine (B. cereus), glucose
(B. megaterium) or L-valine (B. subtilis) as described in Materials and Methods. The
dormant and SD spores were heat activated at various temperatures, cooled on ice,
and germinated with the original nutrient germinants, and the OD600 of cultures was
measured. The spores analyzed were B. cereus (A and D), B. megaterium (B and E),
B. subtilis (C and F), original dormant (A, B, and C), and SD (D, E, and F). The
symbols for the heat activation temperatures used in the various panels are: (A, D), ",
no activation; !, 60°C; ", 65°C; !, 70°C; #, 75°C; !, 82.5°C; (B, E), ", no
activation; !, 50°C; ", 55°C; !, 60°C; #, 65°C; !, 70°C; $, 75°C; %, 80°C; (C, F),
", no activation; !, 65°C; ", 70°C; !, 75°C; #, 82.5°C; !, 87.5°C (Adapted from
Ghosh et al. J. Bacteriology 2009 191(18): 5584-5591).
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Figure 2.13: Extents of germination of SD spores of Bacillus species with
different nutrient germinants after heat activation at various temperatures.
Dormant and SD spores of Bacillus species were isolated and heat activated at various
temperatures. After cooling on ice, the spores were germinated for 2 h in the original
nutrient germinants (white bars), the alternative nutrient germinants (gray bars), or a
mixture of both nutrient germinants (black bars), and the extent of spore germination
was determined by phase-contrast microscopy as described in Materials and Methods.
The spores analyzed were B. cereus (A and D), B. megaterium (B and E), B. subtilis (C
and F), dormant (A, B, and C), and SD (D, E, and F) (Adapted from Ghosh et al. J.
Bacteriology 2009 191(18): 5584-5591).
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Table 2.9: Heat activation temperature optima for germination of dormant and SD
spores of Bacillus species with various nutrient germinantsa

a

Dormant (D) and SD spores of Bacillus species were heat activated at various

temperatures, cooled on ice, and germinated with the original nutrient germinants,
alternate nutrient germinants, or a mixture of the original and alternate nutrient
germinants. The heat activation temperatures giving maximum extents of germination
after 2 h were determined as described in Materials and Methods.
b

Values in parentheses are the extent (%) of spore germination after 2 h determined by

phase-contrast microscopy as described in Materials and Methods.
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Table 2.10: Viability of dormant and SD spores on various media with and
without heat activationa
Spore viability(%)b
Bacillus species and plating medium

No heat activation

B. cereus and LB

B. cereus and LB + alanine/inosine
B. megaterium and LB
B. megaterium and LB + glucose/proline
B. subtilis and LB
B. subtilis and LB + AGFK/valine

•

a

Heat activation

D

SD

D

SD

40

1

100

3

88

110

102

98

87

4

100

5

107

100

100

108

87

1.5

100

10

105

95

100

96

Dormant (D) and SD spores isolated after two 2 h germinations (as described in

Materials and Methods) at an OD600 of 1 were heat activated at the temperature
optima for dormant spores, cooled, and applied to LB medium plates without or
with the mixture of the original and alternate nutrient germinants. The plates
were incubated at 30°C (B. megaterium) or 37°C (B. cereus and B. subtilis) for
24 to 36 h, and colonies were counted.
•

b

Spore viability is expressed relative to that of heat-activated dormant spores of

the same species on LB medium plates, and this latter value was set at 100%.
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Wet-heat resistance of dormant and SD spores:
The differences in the heat activation requirements for optimal germination of dormant
and SD spores presumably reflect the heterogeneity of individuals in populations of
spores. Previously it was shown that there was also much heterogeneity in the
resistance of individuals in population of spores, specifically in their wet-heat resistance
(114). Consequently, we wanted to check if this phenomenon is also true when
dormant and SD spores’ wet-heat resistance is examined. In order to check the
resistance properties of the dormant and SD spores, it was essential that we check the
viabilities of these spores on LB medium supplemented with the mixture of germinants,
as it was shown earlier that dormant and SD spores of all three species of Bacillus
have identical viabilities on these plates (Table 2.10). Also wet heat treatment could
activate spores in the process of killing them that could cause an apparent increase in
the viability of SD spores, so it was important to obtain complete viabilities of dormant
and SD spores in the assays of spore wet heat resistance. The viability for both
dormant and SD spores was higher on the LB plates supplemented with germinant
mixtures (Fig. 2.13 and Table 2.10) than the extent of germination in germinant
mixtures alone, perhaps because of the additional germinants provided by the LB
medium. There was also no increase in spore viability of non-heat activated spores that
were subjected to wet heat treatment suggesting that spores were not being activated
and then killed by wet-heat (Fig. 2.14 A).
Interestingly, spores of all three Bacillus species were more wet-heat resistant than
were the starting dormant spores (Fig. 2.14 A-C). The wet-heat resistance of Bacillus
spores is influenced by several factors, in particular the core water content. Since the
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SD spores had higher wet-heat resistance than the dormant spores, we hypothesized
that these spores would have a lower core water content. In order to test this
hypothesis, we measured the core wet density of dormant and SD spores by buoyant
density gradient centrifugation to determine the spore core water content. In all three
species of Bacillus, the SD spores had a higher core wet density, hence a lower core
water content than the initial dormant spores (Table 2.11).

Stability of SD spores of Bacillus species:
Since the isolation and characterization of SD spores of B. subtilis, B. megaterium and
B. cereus would perhaps help us identify a cause for spore superdormancy, it would be
interesting to know whether these SD spores are stable or whether they slowly lose
this property. It was interesting to find that germination of heat-activated SD spores of
B. subtilis and B. cereus with the nutrients used to isolate them, slowly increased over
time, upon long incubation at 4°C (Fig. 2.15). The percentage germination of these SD
spores went from *5% to 65% after storing them for 2 months at 4°C and finally
flattened off for latter values. However when SD spores were stored at -20°C, there
was still some increase in their germination percent but not as much as when they
were stored at 4°C. The SD phenotype of both B. subtilis and B. cereus spores was
stabilized even better when these spores were stored at -80°C (Fig. 2.15). Similar
levels of stability were seen with germination of non-heat activated SD spores of B.
subtilis and B. cereus (data not shown).
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Figure 2.14: Wet-heat resistance of dormant and SD spores of Bacillus species.
Dormant and SD spores of Bacillus species were isolated using 5 mM inosine (A), 10
mM D-glucose(B) and 10 mM L-valine(C), and their wet-heat resistance at various
temperatures was determined as described in Materials and Methods. The spores
analyzed were B. cereus (t = 80°C) (A); B. megaterium (t = 80°C) (B); and B. subtilis (t
= 93°C) (C), and the symbols used are: ", original dormant spores; !, SD spores
(Adapted from Ghosh et al. J. Bacteriology 2009 191(18): 5584-5591).
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Table 2.11: Core wet density and water content of dormant and SD spores of
Bacillus speciesa!

a

The core wet densities of dormant and SD spores were determined as described in

Materials and Methods and are the averages of two determinations that varied by
*0.002 g/ml. Core water content was calculated as described in Materials and
Methods. SD spores of B. cereus, B. megaterium, and B. subtilis were prepared with
high concentration of inosine (5mM), D-glucose (10mM), and L-valine (10mM),
respectively.
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Figure 2.15: Stability of SD spores at various temperatures (a,b). SD B. cereus
spores (a) were isolated by germination with 5 mM inosine, with heat activation and SD
B. subtilis spores (b) were isolated by germination with 10 mM L-valine, with heat
activation and stored in water at an OD600 of 10 at various temperatures. Stored SD
spores were germinated with 5mM inosine (a) with prior heat activation or with 10mM
L-valine with prior heat activation, and the extent of spore germination over 2 h was
assessed using phase‐contrast microscopy. The symbols used to denote the
temperatures at which SD spores were stored are ", 4°C; !, $20°C; and ", $80°C
(Adapted from Ghosh et al. J. Applied Microbiology 2010 108(2):582-590).
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Levels of GerA-LacZ expression in dormant and SD spores prepared by germination
with L-valine:
While there could be a number of reasons why spores are SD for germination with a
particular germinant, an obvious one is that the SD spores lack or have very low levels
of the appropriate GR. One possible reason for the low levels of GRs in some
individual spores in populations could be altered levels of transcription factors involved
in GR operon transcription, such as the SpoVT protein or the forespore specific sigma
factor for RNA polymerase, #G (24, 79, 81). As a test of the latter hypothesis, we
initially measured the levels of "-galactosidase in dormant spores of a strain carrying a
gerA-lacZ transcriptional fusion as well as in SD spores of this strain isolated by
germination with L-valine, which triggers germination via the GerA GR. Strikingly, the
"-galactosidase specific activities obtained from the dormant and SD spores were
essentially identical (Table 2.12).
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Table 2.12: Levels of #-galactosidase from gerA-lacZ in dormant and SD sporesa

a

Spore type analyzed

Avg !-galactosidase sp act
(RFU/mg dry spores) ± SDb

PS533 (wild-type)

266 ± 50

PS767(gerA-lacZ) (dormant)

2,189 ± 160

PS767(gerA-lacZ) (SD)

2,224 ± 150

PS533 and PS767 (gerA-lacZ) spores were prepared and purified and SD spores

were prepared by germination with L-valine as described in Materials and Methods.
Purified spores were decoated and lysed, extracts were assayed for "-galactosidase,
and specific activities were calculated as described in Materials and Methods.
b

"-Galactosidase specific activities were determined in duplicate for two independent

dormant and SD spore preparations, and values are given as relative fluorescence
units (RFU). Values shown are the averages ± variations between the values for the
independent spore preparations.
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Levels of germination proteins, including GR subunits, in dormant and SD spores:
While there could be a number of reasons why spores are SD for germination with a
particular nutrient germinant, an obvious one is that the SD spores lack or have very
low levels of the appropriate GR. Consequently we used western blot analyses with a
variety of specific antisera to directly determine the levels of various germination
proteins in dormant and SD spores. The antisera that we used were prepared against
the A and C subunits of the B. subtilis GerA GR (GerAA and GerAC), the C subunit of
the GerB GR (GerBC), and the A subunit of the GerK GR (GerKA); each of these GR
subunits is essential for their GR’s function (24). These antisera are specific for their
respective antigens, as they show no detectable cross-reaction with the analogous
subunits of other GRs, and the various antigens detected migrate at the expected
positions for their predicted molecular weights (68, 111). We also used an antiserum
raised against the Geobacillus stearothermophilus GerD protein, which was shown
previously to react specifically with B. subtilis GerD (68). The GerD protein is essential
for rapid spore germination via any of the GRs (72) . The final antiserum used was
against the B. subtilis SpoVAD protein (76). This protein is encoded by one of the
seven cistrons in the spoVA operon that is transcribed in the developing forespore just
prior to the developing spore’s accumulation of DPA. There is much evidence that at
least five of the SpoVA proteins, including SpoVAD, are essential for DPA uptake into
the developing forespore, and there is some evidence that these proteins are essential
for DPA release during spore germination as well (24, 35, 44, 75, 90).
All the germination proteins described above to which we had antisera have
been reported to be largely if not completely present in the spore’s inner membrane
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(24, 32, 68, 74, 76). Consequently, we compared the levels of the GR subunits, GerD,
and SpoVAD in the inner membrane fractions of dormant and SD spores, with the SD
spores being prepared with several different germinants (Fig. 2.16 to 2.18 and Table
2.13). Strikingly, levels of the GR or GRs that were activated in order to isolate the SD
spores were 6- to10-fold lower than those in the initial dormant spores, even if both the
GerB and GerK GRs needed to be activated for SD spore isolation.
In contrast to the much lower levels of subunits in SD spores of GRs activated
for SD spore isolation, levels of GRs not activated for SD spore isolation were also
generally only 2-fold lower than those in the dormant spores, although these smaller
differences in GR subunit levels were highly significant (Table 2.13). Likewise,
germination by alternate germinants was also down. This smaller difference in GR
subunit levels in SD spores was particularly notable when SD FB10 spores were
isolated by initial germination with L-asparagine alone via the GerB* GR, since in these
SD spores, the GerKA level was only 2-fold lower than that in dormant spores and,
thus, 4-fold higher than that in SD PS533 spores isolated by germination with AGFK,
which requires both the GerB and GerK GRs.
In sharp contrast to the lower levels of GR subunits in SD spores, in particular
subunits of GRs activated for SD spore isolation, the levels of the GerD and SpoVAD
proteins were identical in dormant and SD spores (Fig. 2.16 to 2.18 and Table 2.13).
This was the case not only for PS533 (wild-type) spores but also for FB10 (gerBB*)
spores and was the case regardless of the germinant used for SD spore isolation.
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Figure 2.16: Levels of germination proteins in dormant (D) and SD B. subtilis
spores isolated using L-valine germination. Dormant PS533 (wild-type) spores were
prepared and purified, SD spores were isolated by L-valine germination via the GerA
GR, and inner membranes were isolated as described in Materials and Methods.
Aliquots of equal amounts of inner membrane proteins from the dormant and SD
spores were then used for western blot analysis using different antisera, as described
in Materials and Methods. Values above the lanes refer to the amounts of inner
membrane protein run in the lanes, with 1x being the protein from approximately 1 mg
(dry weight) of spores. In this experiment, the same blot was stripped and reprobed for
GerAA, GerAC, GerBC, GerKA, and SpoVAD, while the GerD strip was from a
separate blot (Adapted from Ghosh et al. J. Bacteriology 2012 194(9): 2221-2227).
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Figure 2.17: Levels of germination proteins in dormant and SD B. subtilis spores
isolated using AGFK germination. Dormant PS533 (wild-type) spores were prepared
and purified, SD spores were isolated by AGFK germination via the GerB and GerK
GRs, and inner membranes were isolated as described in Materials and Methods.
Aliquots of equal amounts of inner membrane proteins from the dormant and SD
spores were then used for western blot analysis using different antisera, as described
in Materials and Methods. Values above the lanes refer to the amounts of inner
membrane protein run in the lanes, with 1x being the protein from approximately 1 mg
(dry weight) of spores. In this experiment, the same blot was stripped and reprobed for
GerAA, GerAC, GerBC, GerKA, and SpoVAD, while the GerD strip was from a
separate blot (Adapted from Ghosh et al. J. Bacteriology 2012 194(9): 2221-2227).
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Figure 2.18: Levels of germination proteins in dormant and SD B. subtilis spores
isolated using L-asparagine germination. Dormant FB10 (gerBB*) spores were
prepared and purified, SD spores were isolated by L-asparagine germination via the
GerB* GR, and inner membranes were isolated as described in Materials and
Methods. Aliquots of equal amounts of inner membrane proteins were then used for
western blot analysis using different antisera, as described in Materials and Methods.
Values above the lanes refer to the amounts of inner membrane protein run in the lane,
with 1x being the protein from approximately 1 mg (dry weight) of spores. In this
experiment, the same blot was stripped and reprobed for GerAA, GerAC, GerBC,
GerKA, SpoVAD, and GerD (Adapted from Ghosh et al. J. Bacteriology 2012
194(9): 2221-2227).
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Table 2.13: Relative levels of germination proteins in dormant and SD B. subtilis
sporesa

Level in SD spores/level in dormant spores with GRs
triggered to prepare SD sporesb

a

Germination protein

GerAc

GerB + GerK

GerB*

GerAA

0.13d (0.16)

0.5e (0.5)

0.5e (0.47)

GerAC

0.17d (0.18)

0.5e (0.64)

0.4e (0.33)

GerBC

0.5d (0.63)

<0.1d,f (0.08)

<0.17d,f (0.12)

GerKA

0.6g (0.6)

0.13d (0.11)

0.5g (0.4)

SpoVAD

1.0 (1.1)

1.0 (0.99)

1.0 (0.96)

GerD

1.0 (1.0)

1.0 (0.8)

1.0 (0.92)

Dormant and SD spores of strains PS533 (wild-type) isolated by (L-valine germination

via the GerA GR or AGFK germination via the GerB and GerK GRs) and FB10
(gerBB*) isolated by (L-asparagine germination via the GerB* GR) were prepared,
inner membrane fractions were isolated, and levels of germination proteins were
determined as described in Materials and Methods and as shown in Fig. 2.16 to 2.18.
Values shown are averages of results from two independent spore preparations, and
these differed by *±15%.
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b

Values were determined by visual inspection or by densitometric analysis using Image

J (values in parentheses).
c

Essentially identical results were obtained with PS767 dormant and SD spores, with

the SD spores being prepared by germination with L-valine via the GerA GR (data not
shown).
d

P < 0.001.

e

P < 0.005.

f

These numbers were estimated by visual inspection and extrapolation from the

intensity of the band given by the lowest level of dormant spore inner membrane
protein analyzed in parallel.
g

!

P < 0.1.
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Moderate high pressure (mHP) germination of SD spores:
When we compared germination of SD spores of B. subtilis and B. cereus that were
isolated after two rounds of 2 h germination using L-valine and inosine respectively,
with the initial dormant spores, we initially found that they germinated relatively
normally with mHP. However, since we subsequently had modified the procedure for
isolation of SD spores for western blot analyses to make it more stringent, we decided
to re-examine these SD spores’ mHP germination. Strikingly, the mHP germination of
the spores SD for germination with L-valine that were isolated by the new more
stringent protocol was extremely low compared to that of the initial dormant spores
(Fig. 2.19). Indeed, the mHP germination of these SD spores was approximately the
same as that of spores in which the GerA GR was absent due to mutation (Fig. 2.19),
which is consistent with the fact that these SD spores had very low levels of the GerA
GR as shown in Figure 2.16 and the GerA GR attributes the most to spore germination
by mHP (105).
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Figure 2.19: mHP germination of wild-type, wild-type-SD and gerA spores.!!
Spores of strains: PS533 (wild type) (",!), either the original dormant spore
population (") or isolated from the latter population as SD for L-valine germination (!),
or FB20 ("gerA) (").
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2.4 Discussion
The results of the current work show clearly that B. subtilis spores SD for nutrient
germination have quite low levels of the GR or GRs activated in SD spore isolation. It is
known that (i) an elevation of GR levels results in more rapid germination via that GR
(66), (ii) the overexpression of one GR results in lower yields of SD spores when
germination via the overexpressed GR is used to isolate the SD spores, (iii) decreases
in GR levels are associated with slower germination via that GR or GRs (67, 68), and
(iv) the absence of a GR or GRs results in large increases in levels of SD spores when
germination via the absent GR or GRs is used to isolate the SD spores (67).!
Consequently, the most significant conclusion from the current work is that a major
cause of B. subtilis spore superdormancy with nutrient germinants is almost certainly
extremely low levels of specific GRs. In addition, since SD spores of several other
Bacillus species exhibit properties very similar to those of SD B. subtilis spores, it
seems most likely that very low levels of specific GRs are also a major cause of
superdormancy in spores of all Bacillus species. This could also be the case for spores
of those Clostridium species in which GRs trigger spore germination.
While particularly low levels of specific GRs appear likely to cause a significant
amount of spore superdormancy, stochastic variation in transcription, translation and
even degradation could all contribute to low receptor levels in superdormant spores.
Transcription factors such as SpoVT, ylyA and another unknown factor either affect
individually or together giving rise to low levels of mRNA which could be extremely
important in the heterogeneity of the levels of the GerA GR, which is most likely
expressed at levels of ~1000 molecules per spore (46). Also it would be extremely
!
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difficult to look at levels of GerAA-mRNA or GerAC-mRNA in vegetative cells using RT
PCR because ~1% of cells will give rise to SD spores upon sporulation. The level of "galactosidase from a gerA-lacZ fusion in SD spores prepared by germination via the
GerA GR was identical to the level in the initial dormant spore population while levels
of the GerAA and GerAC proteins were ∼7-fold lower in the SD spores. This certainly
indicates the potential danger in interpreting the "-galactosidase level from a lacZ gene
fusion as a direct reflection of the level of the protein product of the gene to which lacZ
is fused. However, why there is such a discrepancy between GerA-LacZ and GerA GR
subunit levels is not clear. Possible explanations include the regulation of gerA mRNA
translation or stochastic variation in the transcription of gerA-lacZ and the intact gerA
operon or the differential translation of gerA-lacZ and gerA operon mRNA in individual
developing forespores. Clearly, further work will be required to decide between these
different possibilities.
Another unexplained result is that levels of GRs not selected against in SD
spore isolation were lower in SD spores albeit only ∼2-fold lower, although there is
much evidence for co-regulation of GR genes (63, 65). However, the lower level of the
GRs not selected against in SD spore isolation was certainly consistent with the poorer
germination of SD spores with germinants recognized by GRs not activated in SD
spore isolation. It was somewhat surprising that a ∼2-fold decrease in average GR
levels resulted in such a large decrease in spore germination efficiency. However,
there is some evidence that GRs can act cooperatively (63, 65), so perhaps a linear
relationship between GR levels and rates of spore germination is not to be expected. It
was also notable that different SD spore preparations were found to give rather
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different quantitative results when germination via GRs not selected against in SD
spore isolation is measured. These results have varied from large decreases in
germination via unselected GRs to only small decreases, even though all these SD
spores germinated extremely poorly via the GRs selected against in SD spore
isolation. The reason for the significant variation in the germination of SD spores via
GRs not selected against in SD spore isolation is not clear. However, it appears most
likely that dormant spore populations are heterogeneous mixtures of individuals with
different levels of various GRs (63), such that slight alterations in dormant spore
preparations or the precise conditions for the selection/isolation of SD spores may alter
the properties of the spores selected as SD. It is also possible that there is some
cotranscriptional regulation of operons encoding GRs, for example, by the SpoVT and
YlyA proteins. The SpoVT protein represses the transcription of the gerA, gerB, and
gerK operons but has no effect on gerD transcription and stimulates spoVA operon
transcription only ∼1.5-fold (79, 81). Thus, variations in SpoVT levels in individual
developing forespores could cause a concerted ∼2-fold decrease in levels of all GRs,
with stochastic variability then allowing selection for much lower levels of the specific
GR or GRs selected against in SD spore isolation. However, the identical expression
levels of GerA-LacZ in dormant spores and SD spores prepared by germination via the
GerA GR appear to make a general concerted transcriptional regulation of all GRencoding operons unlikely to be of primary importance in causing spore
superdormancy.
Work with spores of several Bacillus species as well as Clostridium perfringens
has shown that the major variable in the kinetics of spore germination with nutrients is
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the time between the mixing of the spores and germinant and the initiation of a rapid
release of Ca-DPA, termed Tlag (68, 73, 96-99). Values of Tlag can vary between a few
minutes to many hours for individuals in the same spore population. Not surprisingly,
increased average GR levels decrease the Tlag, and lower average GR levels are
associated with a longer Tlag, with SD B. subtilis spores having Tlags of hours (68, 97).
The latter effect of GR levels on the Tlag is certainly consistent with the low levels of
GRs activated by the germinant used for SD spore isolation being responsible for these
SD spores' extremely slow germination with this germinant and the extremely long Tlag
for such a germination (99). However, there appear to be variables in addition to GR
levels that play roles in germination heterogeneity, and thus, presumably spore
superdormancy. Thus, the germination of spores by molecules such as dodecylamine
and Ca-DPA, both of which trigger germination independent of GRs, is also extremely
heterogeneous, with highly variable Tlags for individual spores (96, 98, 115). However,
the reason for this heterogeneity in GR-independent spore germination is not known.
Similarly, it was shown recently that the average structure of the spores' peptidoglycan
cortex can also have significant effects on Tlag in both GR-dependent and GRindependent spore germination (115), although again, the reason for this effect is not
known. Consequently, while it is most likely that low GR levels are a major factor in
causing the heterogeneity, and thus superdormancy in nutrient germination, it appears
likely that other factors such as the precise cortex structure and undoubtedly other
unknown factors play significant roles as well.
Another observation of the SD spores that was not completely understood was
that the stability of some of these spores was slowly lost with time upon storage.
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However there are several probable factors that might contribute to the stability of
these spores. One factor that was shown to have an effect was the storage
temperature for these spores. Secondly the conditions for isolation of the SD spores
also seem to play a role in stability of the SD spores. Thus with mHP germination using
SD spores prepared after two 2 h germinations, we found no difference in rates of
germination between SD and initial dormant spores. However, when we used SD
spores prepared after two 5h germinations, these SD spores germinated extremely
poorly with mHP as compared to the initial dormant spores. Since all the stability
experiments were done with SD spores prepared after two 2 h germinations, it is
almost certain that if we had looked at stability of SD spores prepared after two 5 h
germinations, we would find these SD spores to be more stable, since the method of
isolation was more stringent. Another factor that might be important for stability of the
SD spores is heat activation temperature. Since we ultimately found that the optimal
heat activation temperature required for SD spores was higher than for dormant
spores, consequently if we had heat activated the SD spores at a higher temperature
than 75°C, perhaps more SD spores would lose their stability.
It was recently reported that after disruption of decoated B. subtilis spores with
lysozyme and fractionation, ~90% of inner membrane fatty acids and GR subunits
remained with the spores' insoluble integument fraction termed total lysate, indicating
that yields of purified IM were low using the current fractionation protocol. As we had
identified a low level of GRs activated by the nutrient germinants is a major cause for
superdormancy of these spores using inner membrane fractions, it would be interesting
to look at GR levels in the total lysate from the dormant and SD spores using western
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blot analysis. If we find that the levels of GRs are similar in both SD and dormant
spores in the total lysate, we can conclude that perhaps there is a differential
localization of the GRs in the spore and with time they redistribute to the inner
membrane, which might be another reason for them losing their stability over time,
however the mechanism by which this can be achieved is still unclear. We could heat
activate the spores to a higher temperature prior to extracting the inner membrane
fraction, and see if that would increase the levels of GRs in these spores. If this is true,
then we can conclude that heat activation could be another factor that might play a role
in movement of the GRs to the inner membrane.
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CHAPTER 2

Section 2: Isolation and Characterization of
Superdormant spores isolated using
non-nutrient germinants
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2.5 Introduction
As reported in the previous section, heterogeneity in germination properties between
individuals in spore populations somewhat hinders the simple strategy of germinating
dormant spores in order to kill them. Thus, during germination of spore populations
with nutrient germinants, a small percentage of spores germinate extremely slowly, in
some cases not for many hours or even days, and these SD spores will escape
inactivation treatments following germination with nutrients. Since it was discovered
that SD spores isolated using particular nutrient germinants have very low levels of the
GRs that recognize these nutrient germinants, it seemed likely that non-nutrients such
as Ca-DPA or dodecylamine that bypass the GRs would trigger normal germination of
these SD spores. Consequently, it seems possible that non-nutrients might lead to
more complete spore germination prior to a relatively mild decontamination regimen.
However, some spores in populations might also be SD for germination with Ca-DPA
or dodecylamine that works by direct activation of CwlJ or the SpoVA channel
respectively.
Hence, in this section, we have isolated SD spores using either Ca-DPA or
dodecylamine and characterized them in order to perhaps identify some potential
strategies for dealing with spores that are SD for both GR-dependent and GRindependent germinants. The work described in this section was adapted from Ghosh
et al. J. Applied Microbiology 2013 114(4):1109-1119.
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2.6 Materials and Methods
Bacillus strains used:
The B. subtilis strain used was an isogenic derivative of strain PS832, a laboratory
derivative of strain 168, and is PS533 (wild-type) carrying plasmid pUB110 encoding
resistance to kanamycin (101).

Spore preparation and Spore germination:
B. subtilis spores were prepared as described in Materials and Methods section 2.2.
Germination of the spores with nutrient germinants such as L-valine and AGFK and
non-nutrients such as Ca-DPA and dodecylamine was done as described in Materials
and Methods section 2.2.

Isolation of SD spores using non-nutrient germinants:
For isolation of spores that are SD for germination with either Ca-DPA or
dodecylamine, termed Ca-DPA-SD spores and dodecylamine-SD spores, respectively,
spores were routinely germinated at an OD600 of 1 in either 60 mM Ca-DPA made to
pH 7.5 with Tris base at 23°C, or 1.2 mM freshly prepared dodecylamine at 45°C in 25
mM K-Hepes buffer pH 7.4, or in a few cases with 25 mM KPO4 buffer, pH 7.4. After
germination for 3 h, cultures were harvested by centrifugation (15 min; 10,000xg) at
23°C. The dodecylamine-germinated spores were washed with water, while the CaDPA germinated spores were washed with 0.1 M EDTA to remove any precipitated CaDPA that interfered with subsequent separation of dormant and germinated spores.
Washed spores were suspended at an OD600 of 100 in 1.5 ml of 50% wt/vol Nycodenz
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(Sigma Chemical Co., St. Louis, MO, USA) and centrifuged for 30 min at 4°C in a
microcentrifuge to separate SD spores from germinated ones as described earlier. In
some cases, brief sonication of the dodecylamine-germinated spores prior to
centrifugation with Nycodenz was used to shear DNA released from lysing germinated
spores, as this released DNA appeared to trap dormant spores in the floating
germinated spores; similar results were obtained by addition of DNAase. The dormant
spore pellets were washed several times with water, and the germination and dormant
spore isolation described above was repeated twice more. The final SD spore
preparations were stored frozen in water at an OD600 of 5-15 in multiple aliquots.

Determination of levels of GR subunits, GerD, and SpoVAD in dormant and SD spores:
The levels of GR subunits, GerD, and SpoVAD in dormant and SD spores isolated
using Ca-DPA or dodecylamine were determined using western blot analysis as
described in Materials and Methods section 2.2.

Other methods:
Spore killing by sodium hypochlorite was carried out at 23°C as described previously
with NaOCl (50 mg/l) at pH 7&5 (39), and spore viability was measured on LB medium
plates (103) containing kanamycin (10 mg/l).
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2.7 Results
Isolation of SD spores using non-nutrient germinants:
Germination of B. subtilis spores with either Ca-DPA or dodecylamine was carried out
three times for 3 h, and the yields of SD spores thus obtained are summarized in Table
2.14. Although the yield of SD spores isolated using Ca-DPA leveled off during the
multiple germinations, the yield of SD spores isolated using dodecylamine continued to
decrease relatively similarly through all three germination treatments.

Germination of Ca-DPA-SD and dodecylamine-SD spores with various non-nutrient
and nutrient germinants:
The Ca-DPA-SD spores germinated extremely poorly with Ca-DPA as expected but
much faster with dodecylamine compared with the initial dormant spores (Fig. 2.20 a
and b). However, the Ca-DPA-SD spores exhibited no germination with the nutrient
germinants L-valine or AGFK, when spore germination was monitored using Tb+3 in the
fluorescent plate reader as described in Materials and Methods (Fig. 2.20 c). This
result was surprising, as we had earlier observed that SD spores isolated using various
nutrient germinants germinated normally with Ca-DPA. One possible explanation could
be that Tb+3 is inhibiting these spores' germination with L-valine and AGFK, as is the
case for spores with defective coats (106). To test this possibility, we added Tb+3 at
various times after initiation of germination and then Tb-DPA fluorescence was
measured. When germination was measured in this manner, the Ca-DPA-SD spores
germinated normally with both L-valine and AGFK (Fig. 2.20 d).
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The dodecylamine-SD spores germinated slightly slowly with dodecylamine (Fig. 2.21
b) but more poorly with Ca-DPA (Fig. 2.21 a) than initial dormant spores. Similar to the
Ca-DPA-SD spores, the dodecylamine-SD spores also germinated slowly with nutrient
germinants (Fig. 2.21 c) in the presence of Tb+3 but germinated almost normally when
Tb+3 was added at intervals (Fig. 2.21 d).

Hypochlorite resistance of Ca-DPA- and dodecylamine-SD spores:
The fact that the Ca-DPA-SD and dodecylamine-SD spores germination with nutrient
germinants was strongly inhibited by Tb+3, led us to hypothesize that perhaps these
spores have serious coat-defects (106). Indeed, spores with severely defective coats
have extremely low levels of CwlJ, the CLE activated by Ca-DPA to trigger spore
germination (88, 116). Since an intact spore coat is essential for spores' hypochlorite
resistance and coat-defective spores are extremely sensitive to this agent (39), we
measured these spores' resistance to hypochlorite. Strikingly, the Ca-DPA-SD spores
were killed ~ 95% in 15 min by dilute hypochlorite, while the initial dormant spores
exhibited no killing by this same reagent through at least 60 min (Fig. 2.22). In contrast,
the dodecylamine-SD spores exhibited no killing with hypochlorite (Fig. 2.22).
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Table 2.14: Yields of spores SD for germination with Ca-DPA or dodecylaminea
Dormant spores recoveredb - % of initial dormant spores
Germination with

One germination

Two germinations

Three germinations

Ca-DPA

10 (8-16)

2.7 (2.2-3.5)

0.9 (0.5-1.6)

Dodecylamine

15.5 (14.5-16.5c)

4.0 (2.8-5.8c)

0.4 (0.1-1.1c)

a

Initial dormant spores were subjected to one, two or three germinations with either Ca-

DPA or dodecylamine, and remaining dormant spores were isolated as described in
'Materials and Methods'. Values shown are from four independent preparations of
spores that were run through the germination procedures with Ca-DPA or
dodecylamine.
b

Recoveries based on the OD600 of initial and recovered spores.

c

The highest values for recoveries in these experiments were when the

germinated spores were sonicated briefly before applying to density gradients
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Figure 2.20: (a–d) Germination of initial dormant spores and Ca-DPA-SD spores
with various germinants. Initial dormant spores (",") and Ca-DPA-SD spores (!,
!) were germinated as described in 'Materials and Methods' with: (a) Ca-DPA; (b)
dodecylamine; (c) L-valine (",!) or AGFK (",!) with TbCl3 present from the start of
germination; and (d) L-valine (",!) or AGFK (",!) with TbCl3 added only at various
times after the start of germination. The percentages of spore germination were
determined either by phase contrast microscopy (a) or by quantitation of DPA release
relative to the total amount of DPA in spores released by boiling (b–d). Results similar
to those shown in this experiment were seen with 2–3 independent preparations of CaDPA-SD spores. Note that the initial dormant spore preparation used to generate these
Ca-DPA-SD spores was not the same initial dormant spore preparation used to
generate the dodecylamine-SD spores used in Fig. 2.21 (Adapted from Ghosh et al.
J. Applied Microbiology 2013 114(4):1109-1119).

!

""$!

Figure 2.21: (a–d) Germination of initial dormant spores and dodecylamine-SD
spores with various germinants. Initial dormant spores (",") and dodecylamine-SD
spores (!,!) were germinated as described in 'Materials and Methods' with: (a) CaDPA; (b) dodecylamine; (c) L-valine (",!) or AGFK (",!) with TbCl3 present from the
start of germination; and (d) L-valine (",!) or AGFK (",!) with TbCl3 added only at
various times after the start of germination. The percentages of spore germination were
determined either by phase contrast microscopy (a) or by quantitation of DPA release
relative to the total amount of DPA in spores released by boiling (b–d). Results similar
to those shown in this experiment were seen with two independent preparations of
dodecylamine-SD spores. Note that the initial dormant spore preparation used to
generate these dodecylamine-SD spores was not the same initial dormant spore
preparation used to generate the Ca-DPA-SD spores used in Fig. 2.20 (Adapted from
Ghosh et al. J. Applied Microbiology 2013 114(4):1109-1119).
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Figure 2.22: Hypochlorite resistance of initial dormant spores, dodecylamine-SD
spores and Ca-DPA-SD spores. Initial dormant spores ("), Ca-DPA-SD spores (!)
and dodecylamine-SD spores (!) were incubated in hypochlorite and spore viability
was measured as described in 'Materials and Methods'. The viabilities of the starting
spores and the SD spores were essentially identical (Adapted from Ghosh et al. J.
Applied Microbiology 2013 114(4):1109-1119).

!

""&!

Levels of germination proteins in initial dormant, Ca-DPA-SD and dodecylamine-SD
spores:
Since we found some differences in the rates of germination of Ca-DPA-SD and
dodecylamine-SD and initial dormant spores, we thought it would be interesting to look
at the levels of various germination proteins (68, 73, 75, 90, 117). Notably, levels of the
subunits of the GerA, GerB and GerK GR subunits GerAC, GerAA, GerBC and GerKA
were 2&5–3&5-fold higher in the Ca-DPA-SD spores than in the initial dormant spores
(Fig. 2.23; Table 2.15). In contrast, the level of the SpoVAD and GerD proteins were
almost identical in both initial dormant and Ca-DPA-SD spores (Figure 2.23;
Table 2.15). However, the dodecylamine-SD spores had 2&5- to 5-fold lower levels of
GR subunits, and a comparably lower level of the GerD protein, while these spores'
level of SpoVAD was ~2-fold higher than in the initial dormant spores (Fig. 2.24;
Table 2.15).
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Figure 2.23: Relative levels of various germination proteins in initial dormant
spores and Ca-DPA-SD spores. Relative levels of various germination proteins in
spores were determined by western blot analysis of equal amounts of spore inner
membrane protein as described in 'Materials and Methods'. Protein levels in the 1x
samples were identical in the initial dormant and Ca-DPA-SD spore samples. All strips
used in the detection of the different antigens were from the same western blot that
was stripped and then reprobed, with both dormant and SD lanes exposed to X-ray film
together. All the samples from dormant and SD spores were run adjacent to each other
as shown in the figure; the separation between the dormant and SD lanes was put in
only to add clarity (Adapted from Ghosh et al. J. Applied Microbiology 2013
114(4):1109-1119).
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Figure 2.24: Relative levels of various germination proteins in initial dormant
spores and dodecylamine-SD spores. Relative levels of various germination proteins
in spores were determined by western blot analysis of equal amounts of spore inner
membrane protein as described in 'Materials and Methods'. Protein levels in the 1x
samples are identical in the initial dormant and dodecylamine-SD spore samples. All
strips used in the detection of the different antigens were from the same western blot
that was stripped and then reprobed, with both dormant and SD lanes exposed to Xray film together. All the samples from dormant and SD spores were run adjacent to
each other as shown in the figure; the separation between the dormant and SD lanes
was put only to add clarity (Adapted from Ghosh et al. J. Applied Microbiology
2013 114(4):1109-1119).
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Table 2.15: Relative levels of germination proteins in initial dormant spores, CaDPA-SD spores and dodecylamine-SD sporesa

Relative germination protein level
Germination protein
Initial dormantb

Dodecylamine-SD

3.5

0.4

2.5

0.4

1.0

2.5

0.3

1.0

2.8

0.2

1.0

1.1

0.4

1.0

1.0

2.1

GerAA

1.0

GerAC

1.0

GerBC
GerKA
GerD
SpoVAD

a

Ca-DPA-SD

Levels of various germination proteins in SD spores relative to levels in initial dormant

spores were determined by western blot analyses as described in 'Materials and
Methods' and the legends to Figs 2.23 and 2.24. Protein levels were quantitated by
Image J analysis of western blots.
b
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Levels of all germination proteins in initial dormant spores were set as 1&0.
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2.8 Discussion
In case of non-nutrient germination, the reason for B. subtilis spores’ superdormancy
with Ca-DPA appears likely due to a spore coat defect perhaps resulting in low levels
of the CLE CwlJ, since it was earlier shown that Ca-DPA triggers spore germination by
activating CLE CwlJ (88). Surprisingly these spores also had elevated levels of GR
subunits, consistent with the more rapid germination of Ca-DPA-SD spore populations
with nutrient germinants. This could be due to sporulation heterogeneity resulting in
simultaneous generation of both coat defects and elevated GR levels. Perhaps the
skewed regulation of operons encoding GRs also results in a spore coat defect, as
alterations in gene expression in the developing forespore can have marked effects on
expression of genes encoding coat proteins on the mother cell (36). As for the
dodecylamine-SD spores, the cause for superdormancy is not clearly understood
except that they too might have some minor spore coat defect.

2.9 Conclusions
In this project we have tried to solve the major problem of spore superdormancy, which
hinders using spore germination strategies in order to kill spores. One way to improve
upon this strategy would be to use a mixture of germinants, both GR-dependent ones
as well as those that trigger germination by activating CwlJ, as does Ca-DPA, or
directly triggering DPA release by activating the SpoVA channel as dodecylamine likely
does. However, this would likely require identification of new molecules that trigger
germination by these non-GR-dependent pathways. If such a molecule that acts like
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Ca-DPA could be identified, then an alternative strategy would be to use this molecule
to trigger spore germination, and while SD spores would likely remain, these SD
spores would most likely have defective coats, and would thus be relatively easy to kill
by mild decontamination methods.
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CHAPTER 3

Identification of a dominant negative mutation in the
gerD gene of Bacillus subtilis
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3.1 Introduction
As mentioned in the end of Chapter 1, there are a number of questions that remain
unanswered about B. subtilis spore germination, one of the major ones being are there
other proteins that GRs interact with to trigger DPA release. Recent data from our lab
has shown that the sum of the rates of germination triggered by suboptimal
concentrations of two individual nutrients that act on different GRs is much lower than
the rate of germination triggered by a combination of the same nutrients at the same
concentrations (65). Based on this observation, the question that we addressed in this
specific project was how is signaling by different GRs amplified and integrated. We
hypothesized that one or more proteins were involved downstream of GRs to trigger
spore germination, and the specific aim of this project was to look for such proteins and
characterize them.
In the current work we report the results of a genetic screen to identify B. subtilis
genes encoding additional proteins essential for spore germination with germinants.
This work did not, in fact, identify a new protein, but only a dominant negative mutation
in GerD, which almost completely abolished spore germination with all nutrient
germinants but not with non-nutrient germinants, even in the presence of a wild-type
GerD.

3.2 Materials and Methods
Strains used and spore preparation and purification:
All B. subtilis strains used in this work are listed in Table 3.1 and 3.2. These strains
were normally grown at 37°C in rich (Luria-Bertani (LB)) medium, supplemented when
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necessary with the following antibiotics (mg/l): spectinomycin (spc) (100), erythromycin
(1) (ermC) and lincomycin (25) (MLS), chloramphenicol (5) (cat or cm), kanamycin (10)
(kan), or tetracycline (7) (tet). The mutX mutation (identified from genetic screen as
discussed below) was transferred by congression to the plasmidless wild-type strain
PS832 as follows. An equal mixture of 5 ng of chromosomal DNA from the mutant
strain and strain KB10 (116), which carries a selectable chloramphenicol (cm) cassette
at the amyE locus, was used to transform strain PS832 to Cmr. The Cmr transformants
(~400 colonies) were then examined for their spore germination phenotype by the plate
assay described below, and 3 were found to exhibit extremely poor germination,
consistent with a congression frequency of ~ 1%. One of the latter strains was termed
strain PS4333, and this strain was used for subsequent mapping experiments.
B. subtilis spores were prepared at 37°C on 2x Schaeffer's-glucose (2xSG)
medium agar plates without antibiotics and were harvested, purified and stored as
described previously (102). The resulting spores were + 98% free of sporulating cells,
germinated spores, and cell debris, as determined by phase-contrast microscopy.

Spore germination:
Prior to nutrient germination spores were heat activated at 75°C for 30 min and then
cooled on ice for at least 15 min. Spores were germinated at an optical density at
600nm (OD600) of 1 using various germinants. Nutrient germination was at 37°C with
spores at an OD600 of 1 in either 10 mM L-valine-25 mM Tris-HCl buffer (pH 7.4), or in
AGFK (12.5 mM each L-asparagine, D-glucose and D-fructose plus 25 mM KPO4
buffer (pH 7.4)). Germination of spores with these nutrients was followed by
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measurement of changes in OD600 in a spectrophotometer, as the OD600 of spore
suspensions falls ~60% upon completion of spore germination. However, at the end of
germination incubations, the extent of spore germination was also checked by phase
contrast microscopy. Spore germination was also monitored using the fluorescence
plate reader as described earlier, measuring DPA-Tb fluorescence (49). For nonnutrient germination, spores were germinated without heat activation with spores at an
OD600 of ~1.0 either at 25°C in 60 mM Ca-DPA made to pH 8 with Tris base or at 45°C
in 1.2 mM dodecylamine-25 mM KPO4 buffer (pH 7.4). The germination of spores with
Ca-DPA was monitored by examining ~100 spores by phase-contrast microscopy (67).
Dodecylamine germination was monitored by measuring the DPA released from the
germinating spores by the OD270 of the supernatant fluid from centrifuged samples of
the germinating culture as described previously (104). In later experiments,
dodecylamine germination was also followed by monitoring DPA release from
germinating spores by its fluorescence with Tb3+ using a multi-well fluorescence plate
reader as described previously (118).
The assay of germination of B. subtilis spores in well-sporulated colonies was
adapted from a protocol developed previously (116). Individual growing cell colonies
were picked on 2xSG agar plates (~50/plate) along with several wild-type (PS533)
colonies and several colonies of B. subtilis strain FB72 whose spores lack all functional
GRs as positive and negative controls for spore germination, respectively (Fig. 3.1).
Plates were enclosed in plastic bags to minimize drying, incubated at 37°C for 3 d, the
well-sporulated colonies transferred to 8.5 mm diameter Whatman 3MM filter paper
circles and the filter papers were baked for 3 h at 70°C to inactivate vegetative or
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growing cells and extracellular enzymes. Filter papers were then placed in covered
petri dishes with 2.5 ml of 10 mM L-valine - 12.5 mM each of AGFK plus 25 mM Tris
buffer (pH 7.4) - 2.5 mg 2,3,5-triphenyltetrazolium chloride. The plates were then
incubated at 37°C for 2- 3 h to allow color development; colonies in which spores
germinate appear red due to their ability to carry out metabolism and reduce the
tetrazolium dye, while colonies with spores that do not germinate remain brown.
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Table 3.1: Bacillus subtilis strains and plasmids used
Strains or
Plasmids

Genotype

Source or
reference

PS832

wild-type

Laboratory stock

PS533

wild-type

Laboratory stock

KB10

amyE::cat

pDG364!PS832

FB72

ger-3a (!gerA::spc !gerB::cat !gerK::ermC)

67

FB62

!gerD::spc

72

PS4150

PS832 !gerE::spc !cotE::tet

124

KGB04

PS4150 gerKA gerKC gerKB-gfp !gerKB::ermC 63

KGB73

PS4150 gerD-gfp !gerD::kan

Strains

MutX

63
In this work

SG01

PS832 amyE::gerD

In this work

SG02

!gerD amyE::gerD

In this work

SG03

PS832 amyE::gerDF87C

In this work

SG04

!gerD amyE::gerDF87C

In this work

SG05

PS4150 gerKA gerKC gerKB-gfp !gerKB::ermC In this work
amyE::gerDF87C

SG06

PS4150 gerD-gfp !gerD::gerD amyE::gerDF87C

In this work

pDG364

amyE::cat

122

pSG01

!amyE::gerD

In this work

pSG02

!amyE::gerDF87C

In this work

Plasmids

!

"#(!

Table 3.2: B. subtilis mapping strains
Strains

Location in
the genome
(degrees)

1A 627

0°

1A 628

65°

1A 629

74°

1A 630

87°

1A 631

121°

1A 632

126°

1A 633

140°

1A 634

177°

1A 635

183°

1A 636

200°

1A 637

216°

1A 638

245°

1A 639

257°

1A 640

260°

1A 641

285°

1A 642

294°

1A 643

317°

1A 644

342°

1A 645

338.60°

The references for all the B. subtilis mapping strains in Table 3.2 are same (119).
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Figure 3.1: Plate assay. Colonies of germinated spores appear red due to their ability
to carry out metabolism and reduce the tetrazolium dye, while colonies of dormant
spores appear brown, because they do not carry out metabolism. The + colonies are
from PS533, a wild-type B. subtilis strain whose spores germinate normally with
nutrient germinants, hence colonies appear red in this plate assay while the - colonies
are from FB72, a B. subtilis strain whose spores lack all functional GRs hence cannot
germinate with any nutrient germinant and thus colonies appear brown in this plate
assay. The circled brown colonies are two mutants that we have identified using the
genetic screen, which do not germinate with the nutrient germinants hence do not
reduce the tetrazolium dye and appear brown in this plate assay.
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UV mutagenesis and mutant enrichment:
Two ml aliquots of B. subtilis (PS533) spores at an OD600 of 2 (~4.108 spores/ml) were
exposed to 254 nm radiation (UVC) from a UVG-1 short wave UV lamp (UVP Inc., San
Gabriel, CA, USA) in 35 mm petri dishes for 10 or 15 min. The lamp’s output at the
surface of the liquid was measured as 2•10-3J min-1 cm-2 using a J-225 BLAK-RAY
Ultraviolet Meter (UVP Inc.). Spore survival was measured by spotting appropriate
dilutions on LB medium plates with kanamycin (10ug/ml) before and after UV
treatment, and measuring colony formation after overnight incubation at 37°C. The
treated spores were germinated with a mixture of 10 mM L-valine and AGFK in LB
medium (defined as the super nutrient mixture) for 2 h to germinate the spores, and the
mix was then transferred into 500 ml 2xSG sporulation medium and incubated at 37°C
for 3 d with good aeration. After 3 d the spores were harvested and purified, giving
spores + 99% free of growing or sporulating cells.
To determine the level of mutations in the purified spores obtained following UV
treatment, appropriate dilutions were spread in on LB plates with kanamycin (10
ug/ml), incubated at 37°C overnight, and 100 colonies were picked onto both LB
medium and Spizizen’s minimal medium (SMM) plates (120) which were incubated
overnight at 37°C. Since SMM medium lacks amino acids, vitamins or nucleosides,
most auxotrophic mutants generated by the UV treatment will not grow on SMM plates,
but will grow on LB plates.
To enrich the purified spores for the desired spore germination mutants, 100 ml
of the purified mutagenized spores at an OD600 of 1 were incubated at 37°C with the
super nutrient mixture described above to trigger germination through any GR.
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Following a 1 h germination, the culture was heated at 70°C for 2 h to kill germinated
spores while any dormant spores would survive. After cooling, the spores were pelleted
by centrifugation, the pelleted spores washed with water and suspended in 100 ml of
60 mM Ca-DPA. The culture was then incubated for 2 h at 25°C to trigger germination
of any remaining dormant spores and without any GR requirement. The culture was
then washed several times with sterile water to remove Ca-DPA, transferred into 125
ml 2x SG sporulation medium, incubated at 37°C for 3 d, and spores harvested and
purified. This enrichment process was repeated three times. Finally, the enriched
spores were germinated with Ca-DPA as described above and spread on rich medium
plates. Subsequently ~ 2000 well sporulated colonies along with controls were tested
for their germination with nutrients using the plate assay as described above. Colonies
that gave poor germination in this plate assay were then selected for further study. The
experimental design for the isolation of the mutant is summarized in the Figure 3.2.

Genetic mapping:
PBS1 phage used for transduction mapping was obtained from the Félix d'Hérelle
Reference Center for Bacterial Viruses at the University of Laval, Canada and the B.
subtilis mapping strains 1A627 to 1A645 (Table 3.2) were obtained from the Bacillus
Genetic Stock Center, Ohio State University (119). Transduction and transformation
mapping was carried out as previously described (56, 116).
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Figure 3.2: Outline for experimental design to screen for mutant spores that do
not germinate with nutrient germinants but germinate normally with non-nutrient
germinants.
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High-Throughput DNA Sequencing or Deep Sequencing:
5 ug of pure genomic DNA was isolated from the wild-type and the mutant strain, mutX
and were sent to the TUCF genomics core at Tufts University School of Medicine for
genome sequencing using the HiSeq2000 system powered by Illumina Sequencing
Technology.

Introduction of gerD and its variants at the amyE locus:
DNA fragments of ~0.9 kb encompassing 203 bp upstream to 144 bp downstream of
the gerD start and stop codons, respectively, were PCR amplified from genomic DNA
of B. subtilis wild-type strain PS832. This fragment was digested with BglII and HindIII
(sites within PCR primers), and the resultant ~0.9 kb fragment was inserted between
the

BamHI

and

HindIII

sites

in

plasmid

pDG364

(121),

giving

plasmid

p'amyE::gerDWT, in which the gerD coding sequence with its promoter and putative
transcription terminator sequences was inserted between the front and back regions of
amyE. This plasmid was then used to transform B. subtilis strain PS832 (wild-type) and
FB62 ('gerD) to Cmrr giving strains SG01 and SG02 respectively. The DNA sequence
of gerD at amyE was verified using PCR and DNA sequencing.
The 87th codon in gerD in plasmid p'amyE::gerDWT, was changed from
TTT, encoding phenylalanine, to TGT, encoding cysteine, with the QuikChange II XL
Site-Directed

Mutagenesis

Kit

(Agilent

technologies),

giving

plasmid

p'amyE::gerDF87C. This plasmid was then used to transform B. subtilis strains PS832
and FB62 to Cmrr giving strains SG03 and SG04, respectively, and the correct gerD
sequence in the recombinant strains was verified using PCR and DNA sequencing.
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Total lysate preparation and western blot analysis:
Spores at an OD600 of ~50 (1 ml) were decoated by treatment with 0.1 M NaCl - 0.1 M
NaOH - 1% SDS - 0.1 M dithiothreitol for 2 h at 70°C, and washed 10 times with water.
The total lysate fraction containing the germination proteins was isolated from
decoated spores by differential centrifugation following lysozyme rupture and brief
sonication treatment as described previously (46). The levels of GR subunits as well as
the GerD and SpoVAD proteins in spores’ inner membrane were determined by
western blot analysis on equal amounts of the inner membrane protein as described
previously (122).

HP treatment and quantitation of spore germination:
B. subtilis spores were germinated at an OD600 of 1 either by vHP (500 mPa) or mHP
(150 mPa) as described in Materials and Methods of Chapter 2 and the percentages of
spore germination was determined using phase contrast microscopy.

Microscopy:
To detect the fluorescence signals from spores with GFP fusions to various
germination proteins, plasmid p'amyE:: gerDF87C was inserted into strains KGB04 and
KGB73 of B. subtilis,

giving strains SG05 and SG06 respectively. Spores were

suspended in water and visualized using a modified epi-fluorescence microscope
(IX81, Olympus, Center Valley, PA) equipped with a 60x microscope objective
(NA=1.45, Olympus). The fluorescence signals were captured with a TE cooled EMCCD camera (Princeton Instruments, Trenton, NJ), and images were processed using
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ImageJ software. In each experiment images were generated by averaging 100
consecutive images in the acquisition sequence followed by subtraction of the
background signal present in cell-free areas. KGB04 and KGB73 spores were used as
controls for comparing fluorescence of SG05 and SG06 spores respectively. To
compensate for the autofluoresence in spores, a threshold value was assigned for the
GFP channel based on the maximum fluorescence intensity of control spores with only
GFP and no fusion genes.

3.3 Results
Isolation of mutants defective in nutrient germination:
Since we were hoping to identify a new protein involved in signal transduction from
GRs to Ca-DPA channels, we carried out a genetic screen to identify mutant spores
that do not germinate with nutrient germinants that normally trigger spore germination
by activating GRs, but do germinate with the non-nutrient agent Ca-DPA. The
mutagenized spores were generated by UV irradiation of ~ 4•108 wild-type (PS533)
spores giving ~90% killing and generating auxotrophic mutations in ~ 3.5% of the
surviving spores. Mutants with the desired phenotype were then enriched in the
mutagenized spore population by three rounds of the following regimen: i) spore
germination with a super nutrient mixture; ii) heat treatment; iii) spore germination with
Ca-DPA; and iv) resporulation, all as described in Methods. Comparison of the
germination of the mutagenized spores before and after the three rounds of enrichment
showed that the enriched spores germinated slightly slower (~10%) with nutrients as
!

"$&!

compared to the starting spores (data not shown). Following the enrichment process,
specific mutants with the desired germination phenotype were identified using the plate
assay described in Methods. Starting with 2,000 well sporulated colonies after the
three rounds of enrichment, the plate screen identified 16 putative mutants that
appeared brown in the plate assay, but germinated normally with Ca-DPA.
Rescreening these mutants on plates reduced this number to 9, and purified spores of
these 9 mutants germinated extremely poorly in liquid with nutrient germinants that
trigger GR-dependent germination, but germinated normally with Ca-DPA.
Once the 9 mutants noted above were isolated, the next concern was to identify
any that were in genes in which mutations are known to give a severe germination
phenotype. One such gene was gerD, since gerD spores germinate very slowly with
nutrient germinants but germinate normally with Ca-DPA (72).!Consequently, we did a
complementation test using a plasmid carrying an intact gerD and its promoter; this
plasmid integrates at the amyE locus and complements a gerD deletion mutation (72).
We also analyzed the gerD coding sequence along with its promoter sequence in the
identified mutants and compared these sequences to the wild-type strain. Of the 9
mutants, 6 were complemented by the gerD plasmid, and DNA sequence analysis of
the gerD gene in these 6 mutants showed that they had small deletions in the gerD
coding sequence, while the remaining 3 did not and also had a wild-type gerD
promoter. We further checked whether the remaining 3 mutants had a mutation in
gerA, since the GerA GR is the major GR involved in spore germination and in the
plate assay for spore germination gerA spores give only a moderately pinkish color.
Indeed, purified spores of 2 of the remaining 3 mutants did not germinate with L-valine
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but germinated normally with AGFK, leaving only 1 mutant as potentially carrying a
mutation in a new germination gene. We also checked whether the remaining mutant
strain had more than one mutation, perhaps in both gerA and either gerB or gerK.
However, when the remaining mutation, tentatively termed mutX, was moved into a
clean genetic background along with an antibiotic resistance marker from a separate
strain, there was ~ 1% congression between the germination mutation and the
antibiotic marker. Since it is statistically unlikely to get 2 or more genes on different
DNA fragments cotransformed, the significant levels of congressants noted above
strongly suggested that the remaining germination mutant has only one or several very
closely linked mutations. Since mutations in spoVT and gerF genes can also cause
drastic decreases in spores’ nutrient germination (78, 79, 82), the sequences of these
genes were also analyzed in the remaining mutant. However, there were no
differences in the spoVT and gerF DNA sequences in the mutX and parental wild-type
strain. Thus the mutX appeared to carry a mutation in a new gene, tentatively termed
mutX, which was involved somehow in spore germination.

Genetic mapping to identify the mutX mutation:
In order to identify the mutX gene by genetic mapping, we prepared PBS1 transducing
phage on B. subtilis mapping strains 1A627 to 1A645 (Table 3.2) which have a
selectable MLSr marker at various loci scattered around the Bacillus subtilis genome,
and used the transducing phage to transduce the one remaining germination mutant to
MLSr. The average size of a PBS1 transducing fragment is ~300 kb, and if mutX is
within a few 100 kb of the MLSr marker in a B. subtilis mapping strain, the transduced
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MLSr colonies will appear red in the plate assay for spore germination. However if
mutX is + 300 kb from an MLSr marker in a B. subtilis mapping strain, the transduced
colonies will appear brown when tested in the plate assay for spore germination.
Hence using this generalized transduction we were able to narrow down mutX as
between the MLSr markers in B. subtilis mapping strains 1A632 and 1A633, i.e. –
between 126° and 140° on the B. subtilis genome, as the cotransduction frequency
between MLSr and mutX was 95% with strain 1A632 and 55% with strain 1A633 and <
20% with all other mapping strains except 1A627, which did not sporulate.
The next step in identifying mutX was mapping against chromosomal markers in
the region of interest using DNA mediated transformation, in which linkage between
two markers indicates they are generally * 30 kb apart, since this is the average size of
a transforming DNA fragment. There was 95% cotransformation between mutX and
ylbJ indicating that mutX is very close to yblJ which is at 134° on the B. subtilis
chromosome. However, when we sequenced the genes close to ylbJ, no differences
were identified in the mutant and parental wild-type strain.

High-Throughput DNA Sequencing or Deep Sequencing:
We were unable to identify the mutX using transformation mapping, even though we
had narrowed down the mutation to ~300 kb of the B. subtilis chromosome by
transduction mapping. Consequently, we thought that the identified mutation could be a
special mutation, hence decided to sequence the genome of both the wild-type and
mutX strains to identify mutX.

!

"$)!

The genome sequencing of wild-type and mutant B. subtilis strains was performed with
a strategy involving Solexa paired-end sequencing technology at the TUCF genomics
core. A library containing 500-bp inserts was constructed, and sequencing was
performed with the paired-end strategy resulting in about 100-fold coverage, with an
Illumina Solexa Genome Analyzer. Using the CLC genomics workbench, 10 SNPs
(Single Nucleotide Polymorphism) and 1DIP (Deletion Insertion Polymorphism) were
identified that were present in the mutant and not in the wild-type. Of these 10 SNPs
that were identified, two were in intergenic regions and remaining 8 were in coding
regions of genes. Of all these differences between the wild-type and mutant that were
reported, the only difference in a known germination gene was a SNP in gerD. GerD is
a small protein, which is 185 aa long. The reported SNP was a single nucleotide
change in T260G that resulted in the change of amino acid from phenylalanine at 87th
position to cysteine. However none of the SNPs or DIP that were identified by genome
sequencing, were in the region that was narrowed down by transduction mapping.
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Figure 3.3: Schematic representation of identification of mutX
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Response of gerDF87C to nutrients:
Since the six gerD mutants that were identified earlier had small deletions in gerD, they
could be easily identified by DNA sequencing. However, the gerDF87C mutation
identified by genome sequencing is a single nucleotide change, hence it could have
been missed during initial sequencing of gerD.
When we looked at nutrient germination, the SG03 (wild-type strain PS832
carrying the gerDF87C mutation at the amyE locus) spores were germinated with Lvaline, they germinated extremely poorly, similar to the mutX strain that we had
isolated (Fig. 3.4). The SG03 strain had a wild-type copy of gerD, but still did not
germinate with L-valine in the presence of the gerDF87C mutation at the amyE locus,
suggesting that gerDF87C is a dominant negative mutation. Spores of strain SG01,
which has an extra copy of gerD at the amyE locus, germinated at a faster rate than
wild-type PS832 spores (Fig. 3.4)) in the given time, and, consistent with previous
results (72), FB62 ('gerD) spores germinated extremely poorly with L-valine (Fig. 3.4).

Levels of germination proteins, GR subunits, GerD and SpoVAD in wild-type, mutX and
gerDF87C mutant spores:
Since the mutX spores did not germinate with nutrient germinants that act via GRs, one
possibility is that mutX somehow decreased the synthesis or assembly or altered the
localization of germination proteins including GRs in spores. It was reported recently
that ~90% of the inner membrane fraction containing the germination proteins
remained in the insoluble integument fraction, indicating that yields of purified inner
membrane are low (46). Consequently, we looked at the levels of GR subunits, GerD
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and SpoVAD in lysates from wild-type and mutX spores, and found no difference in the
levels of these germination proteins as shown in Figure 3.5.
Since the SG03 (strain PS832 (wild-type) with gerDF87C mutation at amyE)
spores did not germinate with L-valine, even in the presence of wild-type gerD, we
thought it would be interesting to look at the level of GerD in this strain as well as the
other gerD variant strains made in this work and compare these levels with those in B.
subtilis wild-type and FB62 ('gerD) spores. Notably, the levels of GerD in strains SG01
and SG03 spores were twice that of wild-type PS832 spores. In contrast, the levels of
GerD in SG02 and SG04 spores were similar to those of the wild-type spores, while as
expected, no GerD was detected in FB62 spores (Fig. 3.6). The levels of SpoVAD
were same in all the gerD variant strains when the same blot was stripped and
reprobed with the SpoVAD antibody (Fig. 3.6).
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Figure 3.4: Germination of B. subtilis spores of various strains with L-valine.
Spores of B. subtilis strains PS832 (wild-type) (!), SG01 (PS832 amyE::gerD) ("),
SG03 (P832 amyE::gerDF87C) (!), FB62 ('gerD) (#), and mut (mutX) (&) were
germinated with 10mM L-valine. Spore germination was monitored using the
fluorescence plate reader that measures DPA-Tb fluorescence as described in
Materials and Methods. At the end of germination incubations, the extent of spore
germination was also checked by phase contrast microscopy. The percentages of
germinated spores in the various strains were as follows: 99%;", 85%; !, 10%; !,
8%; # and 6%; &.
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Figure 3.5: Levels of germination proteins in spores of B. subtilis strains PS832
(wild-type) and mutX. Aliquots of equal amounts of lysate protein from both strains
were used for western blot analysis.
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Figure 3.6: Levels of GerD and SpoVAD in spores of B. subtilis strains SG01
(PS832 amyE::gerD), SG02 ($gerD amyE::gerD), SG03 (P832 amyE::gerDF87C),
SG04 ($gerD amyE::gerDF87C), FB62 ($gerD), and PS832 (wild-type). Aliquots of
equal amounts of lysate protein from the different B. subtilis strains were used for
western blot analysis using GerD and SpoVAD antisera. SpoVAD is the loading control
for the various B. subtilis strains.
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HP treatment and quantitation of spore germination:
Since mHP triggers germination by activation of GRs (91) while HP somehow opens
the spore’s Ca-DPA channels (92), we thought it would be interesting to germinate
mutX, SG01, SG03 and PS832 spores with mHP, since the phenotype of the mutX
mutant was that it did not germinate with any of the known nutrient germinants that
work by activating the GRs but germinated normally with non-nutrients that act by
opening the spore’s Ca-DPA channels. When we compared germination of wild-type B.
subtilis spores (PS832) with mutX spores using mHP (150 MPa) as described in
Materials and Methods, we found that the mutX spores did not germinate with mHP in
5 min while the wild-type spores germinated ~95% in the same time period (Fig. 3.7A).
However, when we compared germination of PS832 wild-type B. subtilis spores with
that of SG01 (PS832 amyE::gerD) spores and SG03 (PS832 amyE::gerDF87C) spores,
we found that the SG01 spores germinated faster than the wild type spores, perhaps
because of the two copies of gerD as compared to one copy of gerD in the wild-type
strain. In contrast, as seen in Figure 3.4, SG03 spores germinated poorly with mHP
even in the presence of the wild-type copy of gerD, again confirming that the identified
gerDF87C mutation is dominant negative (Fig. 3.7B).
Microscopy:
Since we found that the SG03 spores carrying gerDF87C at the amyE locus plus a
wild-type gerD germinated poorly with both10 mM L-valine and mHP, we wanted to see
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whether this mutation in gerD would alter the localization of GR subunits and GerD in
the spore. It was earlier shown by fluorescence microscopy that the GR proteins and
GerD fused to GFP are co-localized in a distinct focus, termed the germinosome (63),
in the inner membrane of a dormant spore. Hence the goal of the experiment was to
see whether the newly identified mutation in gerD would disrupt germinosome
formation by GerD and/ or germinosome formation by GR subunits.
Germinosome formation was observed in both KGB04 (GerKB-GFP) and
KGB73 (GerD-GFP) control spores as shown before (63) and in Figure 3.8 (e-h).
Germinosome formation was also not disrupted in both SG05 and SG06 spores
carrying GerDF87C as shown in Figure 3.8 (a-d), which suggested that the GerDF87C did
not have an effect on the localization of either GerD or GR subunits in the
germinosome.
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Figure 3.7: mHP germination of B. subtilis spores of various strains. Spores of B.
subtilis strains (A) PS832 (wild-type) (!) and mut (mutX) (&), and (B) PS832 (wildtype) (!), SG01 (PS832 amyE::gerD) ("), and SG03 (P832 amyE::gerDF87C) (!),were
germinated with 150 MPa of pressure at 37°C as described in Materials and Methods
and were examined by phase contrast microscopy. The percentage of germinated
spores in the various strains at the end of 5 mins were as follows: (A) 90%; !, and 1%;
&, (B) 87%; !, 95%;", and 15%; !.
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Figure 3.8:(A) Focus formation in B. subtilis strains SG05 (PS4150 gerKA gerKC
gerKB-gfp $gerKB::ermC $amyE::gerDF87C), SG06 (PS4150 gerD-gfp $gerD::kan
$amyE::gerDF87C), KGB04 (PS4150 gerKA gerKC gerKB-gfp $gerKB::ermC) and
KGB73 (PS4150 gerD-gfp $gerD::kan). Panels A and B show images of SG05
spores, panels C and D show images of SG06 spores, panels E and F show images of
KGB04 spores while panels G and H show images of KGB73 spores. A, C, E and G
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are GFP fluorescence images; while B, D, F and H are DIC images. Each image was
scaled independently in order to show the foci.
(B) Plots show the normalized average distribution of the fluorescence signal
along the long axis of spores of the following strains: gerD-gfp (KGB73; 20
spores) is shown in blue, and gerD-gfp $amyE::gerDF87C (SG06; 18 spores) is
shown in red. The full width at half maximal intensity for GerD-GFP signal was ~400
nm, which was earlier shown to be considerably smaller than that for the soluble GFP
signal, which was not present in discrete foci (63). As the blue line representing data
from KGB73 spores almost overlaps the red line representing data from SG06 spores,
indicates that foci formation is not disrupted in the SG06 spores. Similar results were
observed with KB04 and SG05 spores (data not shown).
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3.4 Discussion
In our search for proteins that are involved in a coupling reaction between the binding
of nutrients to GRs and release of DPA from spore core, we identified nine mutant
strains of which eight had mutations in known germination genes; six were in gerD
while two were in gerA. In order to identify the altered gene in the ninth and final
mutant from this genetic screen, the first approach we took was high-throughput DNA
sequencing, since it is widely used these days to sequence not only small organisms
like bacteria but also humans. We decided to use the UCHC genome-sequencing core
in 400 Farmington Avenue. However, the results we obtained from them were
completely unsatisfactory. So we decided to switch to a classical way of identifying
mutations in bacterial genome using genetic mapping. The first step in mapping is
transduction, and it seemed to work very well except for one strain 1A627 at 0° that did
not sporulate. We were able to narrow down the mutation between 126° and 140° on
the B. subtilis genome as we got ~95% and ~55% cotransduction frequencies with
strains 1A632 and 1A633 respectively. However, in the following step, when we tried to
narrow down the mutation to a single gene using transformation mapping, we were
unable to identify any genes that were close to the markers that gave highest
cotransformation frequencies between our mutant and the markers used for
transformations. Meanwhile, we came across the TUCF genomics core at Tufts School
of Medicine that had very good reviews for high-throughput DNA sequencing. So we
sent our mutant and wild-type strains for sequencing and almost immediately they were
able to identify the gerDF87C mutation along with 9 other SNPs and 1 DIP. However,
none of the SNPs or DIP that were identified by the high-throughput sequencing was
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from the region that was narrowed down by mapping. In addition, the sequencing
facility was unable to identify any consistent SNPs or DIPs in the region that was
narrowed down by mapping. So we concluded that perhaps there is another mutation
besides the gerDF87C in the mutant strain that was picked up in the mapping
experiment, unless there was an experimental error that cannot be explained. Also the
reason we missed the gerDF87C mutation in transduction mapping could be due to two
factors. First, the marker strain 1A627 that was closest to gerD (~150 kb apart) did not
sporulate, hence we did not get any results for the plate assay for transduction
mapping with 1A627. And second the other marker strain 1A628 was ~600kb from
gerD so could not correct the gerD mutation, hence gave negative results for
transduction mapping (since average size of a transducing fragment is ~300kb). If we
had not got ~95% and ~55% cotransduction frequencies with strains 1A632 and 1A633
respectively, we would have gone back to this region between 1A627 and 1A628
strains and created markers to map this region, and would have identified the mutation
in gerD.
Since we obtained extremely poor germination of the gerDF87C mutant, even in
the presence of a wild-type copy of gerD, using both nutrient germinants and mHP, this
suggested that the identified gerDF87C mutation is a dominant negative one.
Consequently, it explains why this mutation could not be complemented by the
p!amyE::gerDWT plasmid (which carried the wild-type copy of gerD), unlike the other
six mutations that were identified in gerD . However, we should have identified this
mutation from the sequence analysis of gerD, but since it was a single nucleotide
change, we could have missed it.
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Although the gerD function is suppressed in the presence of gerDF87C, the localization
of GerD in the germinosome is not altered, suggesting that the wild-type gerD is
present in the foci in the spore but is not functional.

3.5 Future directions
The fact that we identified a dominant negative mutation in gerD suggests that perhaps
GerD is the signal integrator that is involved in the coupling reaction between binding of
nutrients germinants to the GRs and the release of DPA from the spore core via the
SpoVA proteins. Certainly it would be interesting to see if GerD interacts with itself or
with both the GR and SpoVA proteins. However, in the past any efforts to look at such
interactions between purified GerD and other purified germination proteins such as
GerAA, GerBC, SpoVAD, SleB and even GerD by itself, using pull down assays have
not yielded any results showing this interaction (124, B. Hao unpublished data).This
indicates that perhaps there is no strong interaction between these proteins in their
purified state in vitro or the on-rates for binding of these spore proteins are not high
enough to be detected using pull down assays. Also since a pull down assay is an in
vitro assay with a 1:1 ratio of protein-protein interaction, it is possible that the
interaction between GerD and other germination proteins is a multi protein interaction,
which might not be detected by a pull down assay. In addition, factors such as
variations in pH and different small molecules, which may contribute to protein-protein
interaction within the spore, may not be used in simple in vitro pull down assays carried
out to date. Hence it will be interesting to look at in vivo interactions between GerD and
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other germination proteins within the spore using covalent cross-linking agents and
western blot analysis.
Our data from both nutrient and mHP germination showed that the SG01 spores
with two copies of gerD germinated at a faster rate than the wild-type spores with a
single copy of gerD. Hence another question to ask in the future is, will further
increases in levels of GerD give even higher rates of germination in spores? In order to
answer this question, the first approach would be to increase GerD levels in spores
using stronger promoters and subsequently determine rates of spore germination. Also
previously, it was shown that the mean time to initiate release of Ca-DPA termed Tlag
following mixing of spores and nutrient germinants for FB62 ('gerD) spores was very
high as compared to the Tlag for PS832 (wild-type) spores when germination of
individual spores of these B. subtilis strains were monitored using Raman spectroscopy
(73). Hence another approach to answer the same question would be to determine if
Tlag decreases with increasing GerD levels.
Previously, it was reported that the germination proteins including the GRs and
GerD are colocalized to a single distinct focus in the inner membrane of the spore and
GerD is essential for their localization (30). Fluorescent protein fusions of the
germination proteins were made with GFP or mCherry and the spores were then
observed using fluorescence microscopy. We have seen that focus formation of gerDgfp and gerKB-gfp strains was not disrupted when the gerDF87C mutation was
transferred to the amyE locus of these strains. This suggested that in the presence of
gerDF87C mutation, although the wild-type GerD is not functional as reported from the
germination data, the localization of the wild-type GerD in the germinosome was not
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altered. Consequently an interesting question worth exploring is: will the gerDF87C form
the foci in the spore inner membrane by itself in the absence of the wild-type copy of
gerD? In order to answer this question we could make a fusion protein using gerDF87C
with gfp and see if GerDF87C-GFP will successfully form the germinosome or not. If the
germinosome is formed, it would confirm that the gerDF87C mutation has no effect on
localization of the GerD in the spore inner membrane.
We can also screen for suppressors of spore germination using 'gerD spores. The
first step would be to mutagenize 'gerD spores. These spores appear brown in the
plate assay as described in Materials and Methods 3.2. So if we succeed in obtaining
some red colonies in this screen, we will first move the mutation in a clean background
and then can sequence the genomes of those colonies to identify some unknown
proteins involved in spore germination, perhaps by bypassing GerD in the spore
nutrient germination pathway.
In addition to the gerDF87C mutation, the sequencing data from Tufts genomics core
had also identified 1 DIP and 9 SNPs. However none of these genes are reported to be
expressed in the forespore, nor is there any information available in the literature about
the time of expression and localization of these proteins during sporulation and growth.
This means that either they are not important in sporulation and growth or nobody has
ever looked at them. So we could make the defined mutations in these genes as
reported from genome sequencing and look at their effect on spore germination.
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